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GENERAL INTRODUCTION 
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1.1 Soil salinity and alkalinity 
Salinity is generally defined as the presence of excessive amounts of soluble salts that 
inhibit or affect the normal functions needed for plant growth. Sodium chloride (NaCl), 
sodium sulphate (Na2SO4), sodium nitrate (NaNO3), magnesium sulphate (MgSO4), 
magnesium chloride (MgCl2), potassium sulphate (K2SO4), calcium carbonate (CaCO3) etc. 
are present in saline soils, although NaCl and Na2SO4 cause most of the salt problems for 
higher plants in nature (Kawanabe and Zhu, 1991). In addition, saline soils are those with 
electrical conductivity (ECe) more than 4 dS m-1 (equivalent to 40 mM NaCl), exchangeable 
sodium percentage (ESP) of less than 15% and pH below 8.5 (USDA, 1954; Szabolcs, 1994). 
On the other hand, alkaline (sodic) soils are those which have ECe of less than 4 dS m-1, ESP 
greater than15% and pH greater than 8.5 (USDA, 1954; Szabolcs, 1994). The most 
predominant salts in alkaline soils are NaHCO3 and Na2CO3 which induce much stronger 
destructive effects on plants than neutral salts (NaCl and Na2SO4) (Yang et al., 2008a). 
Alkaline soils are prone to water logging because of their low water infiltration capacity, 
exposure to soil erosion and the spread of alkalinity and soluble salts into adjoining areas and 
poor in hydraulic conductivity (Rengasamy, 2002, 2006). Na+, K+, Ca2+, and Mg2+ are the 
main cations of dissoluble mineral salts, and Cl–, SO4
2–, HCO3
–, CO3
2–, and NO3
– are the 
corresponding main anions in saline and alkaline soils, which come from neutral salts or 
alkaline salts (Läuchli and Lüttge, 2002). 
 
1.2 Causes of soil salinity and alkalinity 
There are two major types of salinity and alkalinity based on groundwater processes 
found all over the world namely, primary (natural) and secondary (artificial) (Ghassemi et al., 
1995). The source of primary salinization is mostly seawater, since it contains around 500 
mM NaCl (Taiz and Zeiger, 2002). Salt accumulation is high when water table is less than 
1.5 m below the soil surface (Rengasamy, 2006). However, this threshold depth may vary 
 3 
depending on soil hydraulic properties and climatic conditions. Therefore, the area in close 
proximity to the sea is vulnerable to salinity especially, those with tidal water flowing over 
the areas. The problem becomes acute when tidal water goes away and soil becomes dry. It 
may also happen in areas that come in contact with seawater through rivers, canals and 
creeks. Moreover, cyclones, like those which occurred in Bangladesh in 1991, 2007 (Sidr), 
and 2009 (Aila) or exceptionally high tides, for example, the recent Tsunami occurred in 
Indonesia (2004) and in Japan (2011) pushed the saline water front further inland and into the 
groundwater. In secondary salinity (irrigation associated salinity), salts introduced by poor 
quality irrigation water are stored within the root zone due to insufficient leaching, low 
hydraulic conductivity of soil layers as found in heavy clay soils and sodic soils. High 
evaporative conditions also accelerate secondary salinization. Use of highly saline effluent 
water and improper drainage and soil management increases the risk of salinity in irrigated 
soils. Rengasamy (2006) described another type of salinity named non-groundwater-
associated salinity (NAS) which occurs when salts are introduced by rain, weathering, and 
aeolian deposits are stored within the soil solum. In drier climatic zones, where water table is 
deep (solum layers) and drainage is poor, salt stores are usually found there. However, poor 
hydraulic properties of shallow solum layers can lead to the accumulation of salts in the 
topsoil and subsoil layers affecting agricultural productivity. In regions where sodic soils are 
predominant, this type of salinity is a common feature. 
 
1.3 Saline and alkaline affected area 
The United Nations Environment Program (UNEP) estimated that approximately 20% 
of the world’s agricultural land and nearly 50% of all irrigated land are adversely affected by 
soil salinity (Flowers and Yeo, 1995). It is a worldwide problem, but most acute in North and 
Central Asia, Australia and South America (Pessarakli, 1999). Some of the most serious 
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problems occur in semi-arid regions associated with the great river systems of South-East 
Asia. In Bangladesh, over 30% of the net cultivable areas lie in the coastal zone of Bay of 
Bengal, of which approximately 53% are affected by varying degrees of salinity (Haque, 
2006). The salt affected area in the coastal zone of the country was about 0.83 million ha in 
1966-76, which expanded to 3.1 million ha over the last three decades (Haque, 2006). In 
addition, more area in that zone is expected to become saline in the future due to increase in 
sea water level as a consequence of the greenhouse effect. The other concern is that the area 
under irrigation is increasing worldwide day-by-day leaving more areas vulnerable to salinity 
stress. As estimated by FAO, about 20-30 million ha of irrigated lands worldwide were 
seriously damaged in 2002 due to the build-up of salts (Martínez-Beltrán and Manzur, 2005). 
Moreover, in the same investigation it was also reported that every year 0.25-0.50 million ha 
of irrigated lands worldwide are lost from production due to build-up of salts and alkali. 
 
1.4 Plant categories under saline and alkaline environment  
Plants are classified as glycophytes or halophytes according to their capacity to grow 
on high saline-alkaline medium. Halophytes are native to saline soils (around 500 mM NaCl) 
and able to complete their life cycle in that environment (Colmer et al., 2006). Glycophytes 
or non-halophytes, on the other hand, cannot survive at a high salt concentration. Most of the 
agricultural crops are glycophytes and cannot tolerate salt-stress, although some of them like 
sugar beet, barley, wheat etc. can tolerate salt to some extent. To achieve salt-tolerance, the 
foremost task is either to prevent or alleviate the damage, or to re-establish the homeostatic 
conditions in the new stressful environment.  
 
1.5 Impacts on agricultural land and production 
The salinization and alkalization of soil are widespread environmental problems. In 
some areas, alkalization of the soil as a result of NaHCO3 and Na2CO3 accumulation may be 
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a more severe problem than soil salinization caused by neutral salts such as NaCl and Na2SO4. 
For example, in northeast China, more than 70% of the land areas are alkaline grassland 
(Kawanabe and Zhu, 1991), and only a few alkaline-tolerant halophytes can survive there 
(Zheng and Li, 1999). The distribution of saline-sodic and sodic soils on more than half a 
billion ha worldwide, warrants attention for their efficient, economical and environmentally 
acceptable management practices to be taken. Most of the salt affected lands lie in the arid 
and semiarid environment (Khan et al., 2010). Saline and sodic soils exist in over 100 
countries, and cover about 10 % of total arable lands (Läuchli and Lüttge, 2002). The area in 
the close vicinity of the seashore is prone to salt stress and thus, agricultural production in 
those areas is reduced. Salt problem in agricultural crops, however, commonly develops in 
the irrigated areas when salts from the irrigation water build up in the root zone. Out of the 
total world’s cropland, nearly 17% are under irrigation, but irrigated agriculture contributes 
to more than 30% of the total agricultural production (Hillel, 2000). Since the cropland under 
irrigation has substantially been increasing as discussed earlier, salt stress in irrigated 
agriculture is a major concern for world food security. The crop production through irrigated 
agriculture is increasingly being emphasized across the globe in response to escalating food 
demands in the face of the adverse consequence of global climate change. Many workers 
stipulate that the success or failure of any irrigated agriculture is determined by the extent to 
which salt and sodium problems are controlled (Muya et al., 2009). 
 
1.6 Effects on plant growth and productivity 
Soil salinity and alkalinity influence plant growth by inducing adverse effects on 
different physiological and metabolic processes, ultimately diminishing growth and yield 
(Yang et al., 2008a, 2009a). Saline and alkaline stresses induce specific changes in 
morphology and anatomy of the cells, tissues and organs (Li et al., 2009). The mechanisms 
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responsible for reduction in plant growth under salt stress are: 1) osmotic stress, 2) specific 
ion toxicity, and 3) nutritional imbalance. 
1.6.1 Osmotic stress 
Saline and alkaline stresses present in plant growth media exert high osmotic pressure 
and reduce soil water potential making water unavailable to plants (Munns et al., 2006). This 
reduces cell turgor, photosynthetic rate (Pn) and ultimately reduces activity of cell division 
and elongation and overall plant growth (Saqib et al., 2004).  
1.6.2 Specific ion toxicity 
The primary cause of growth reduction due to excessive amount of certain ions (Na+ 
and Cl-) under salt stress is termed as specific ion toxicity (Guo et al., 2009; Li et al., 2010). 
 1.6.3 Nutritional imbalance 
Salinity and alkalinity reduced plant growth and development through nutritional 
imbalance (Yang et al., 2007): N accumulation is reduced due to interaction between Na+ and 
NH4
+ and / or between Cl- and NO3
- that ultimately reduces growth and yield of the crops 
(James et al., 2006); low solubility of Ca-P minerals (Qadir and Schubert, 2002); interference 
in the acquisition of K+ by the roots (Suhayda et al., 1990); the low concentration of Ca2+ 
(Cakmak, 2005) and Mg2+ (Hu and Schmidhalter, 1997). In addition, micronutrient 
deficiencies are also very common under salt-alkali stress owing to high pH (Zhu et al., 
2004). 
 
1.7 Urgent need to address the saline and alkaline problems 
The world population is increasing rapidly and may reach 7 to 9.3 billion by the year 
2050 (http://www.unfpa.org/swp/200/), whereas the crop production is decreasing rapidly 
because of the negative impact of various environmental stresses; therefore, it is now very 
important to develop stress tolerant varieties to cope with this upcoming problem of food 
security. Among stresses, abiotic stress is the principal cause of decreasing average yield of 
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major crops by more than 50%, which causes losses worth hundreds of million dollars in 
each year (Mahajan and Tuteja, 2005). Soil degradation caused by salinization and 
sodification is of universal concern. According to the FAO Land and Nutrition Management 
Service, over 6% of the world’s land is affected by either salinity or sodicity which accounts 
for more than 800 million ha of land (FAO, 2008). This problem manifests itself especially in 
arid and semiarid regions with poorly drained soils because of continual addition of salts with 
irrigation practices (Ayars and Tanji, 1999). Flowers and Yeo (1995) showed that the UNEP 
estimated 20 % of the agricultural land and 50% of the cropland in the world are salt-stressed. 
El-Kharbotly et al. (2003) mentioned that salinity imposes serious environmental problems 
that affect grassland cover and the availability of animal feed in arid and semi-arid regions. 
Therefore, the amelioration of saline sodic-soils is of great importance to restore these 
degraded soils and make them suitable for agriculture. 
 
1.8 Approaches to improve stress tolerance 
Plants being generally characterized by a high degree of homeostatic plasticity in 
response to salinity and alkalinity stresses have evolved a number of adaptive strategies to 
overcome such abiotic stresses (Bartels and Sunkar, 2005). The most common type of 
osmotic adjustment in plant cells involves accumulation of compatible solutes like proline 
(Vinocur and Altman, 2005) and exudation of organic acids in cytoplasm (Rhodes and 
Hanson, 1993). The compatible solutes and organic acids which are commonly employed as 
osmoprotectants, can lower the osmotic potential in cells without interfering with the 
metabolic processes or protein structuring and functioning, and consequently, maintain water 
content of cells under stresses (Yancey et al., 1982).  
 
Proline 
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Proline is a well-known compatible solute that plays a pivotal role in osmotic 
adjustment in plants by helping maintain sufficient cell turgor for growth (Nanjo et al., 2003), 
and exogenous proline is known to mitigate the detrimental effects of Na and improve 
growth and survival under various stresses (Okuma et al., 2004; Sun and Hong, 2010a). It is 
synthesized from glutamate by the actions of the two enzymes, pyrroline-5-carboxylate 
synthetase (P5CS) and pyrroline-5-carboxylate reductase (P5CR) in higher plants (Delauney 
and Verma, 1993) (Fig. 1.1). It is reported that proline acts as free radical scavengers and / or 
enzyme protectant (Hoque et al., 2007). It is also reported that proline protects higher plants 
against salt/osmotic stresses by adjusting osmotic pressure (Chinnusamy et al., 2005; Vinocur 
and Altman, 2005). In contrast, Moftah and Michel (1987) reported that proline content could 
not be use as a sensitive indicator of salt stress. Similarly, a negative relationship between 
proline accumulation and salt tolerance was observed by Ashraf (1989) in Vigna mungo, and 
in tomato by Aziz et al. (1998). Salt resistant rice cultivars accumulated lesser amount of 
proline than the salt sensitive ones (Lutts, et al., 1999), while salt sensitive species of tomato 
accumulated more than in tolerant wild relatives (Tal et al., 1979). However, in view of these 
contrasting reports on the role of proline in salt tolerance, its use as selection criterion for salt 
tolerance has been questioned and which should be further investigated.  
 
                      Pyrroline-5-carboxylate                               Spontaneous                          Pyrroline-5-carboxylate  
                      synthetase                                                     cyclization                              reductase 
Glutamate                        Glutamate                                Pyrroline-5-                            Proline    
                                          semialdehyde                          carboxylate           
 
Fig.1.1 Biosynthetic pathway of proline in higher plants.  
 
Citric acid 
Citric acid (CA) is a symmetric tricarboxylic acid involved in the tricarboxylyc caid 
(TCA) cycle. It is the product of the citrate synthase, an enzyme of the mitochondrial 
oxidative TCA cycle and does not accumulate under normal growth conditions (Goldberg et 
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al., 2006). Early research on stress tolerance indicates that organic acid metabolism correlates 
closely with the mechanism of alkali tolerance (Shi and Sheng, 2005). It is reported that citric 
acid accumulation increased under alkali stress in Puccinellia tenuiflora (Guo et al., 2010), in 
rice (Wang et el., 2011), in sea buckthorn (Chen et al., 2009), in alfalfa roots under salt stress 
(Fougére et al., 1991), and in cotton plants under drought stress (Timpa et al., 1986). It has a 
strong relationship with stress tolerance of heavy metal (Zeng et al., 2008; Mailloux et al., 
2008). It has also been reported that plants often combat or overcome aluminum toxicity by 
accumulating organic acids in their cells or by secreting them from their root tips (Larsen et 
al., 1998). The metabolism of organic acids is also reported to play a crucial part in the 
plant’s response to iron deficiency (López-Millán et al., 2000) and phosphorus deficiency 
(Watt and Evans, 1999), as well as to promote uranium uptake (Ebbs et al., 1998). However, 
no study has yet examined the relationship of citric acid and stress tolerance of Foxtail millet 
and Proso millet under saline and alkaline conditions. 
 
1.8.1 Exogenous proline to alleviate saline and alkaline stresses 
Exogenous application of proline can play an important role in enhancing plant stress 
tolerance. This role can be in the form of either osmoprotection (Handa et al., 1986) or 
cryoprotection (Santarius, 1992). For example, in various plant species growing under saline 
conditions, exogenously-supplied proline facilitated osmoprotection and growth (Yancey, 
1994), protected cell membranes from salt-induced oxidative stress by enhancing activities of 
various antioxidants in soybean (Yan et al., 2000), acted as a protectant of enzymes and 
membranes in tobacco (Okuma et al., 2000), increased activities of superoxide dismutase and 
peroxidase, which contributed to increase its salt tolerance (Hua and Guo, 2002), decreased 
Na+ and Cl− accumulations and an increase in growth in barley (Lone et al., 1987), promoted 
Ca uptake in Phaseolus seedlings (Rana and Rai, 1996), relieved salt toxicity in barley 
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plantlets by changing salt transport from root to shoot (Lone et al., 1987), increased K 
content and alleviated salt stress effects in Vigan radiata (Kumar et al., 1990)  and 
(Tipirdamaz and Karakullucku, 1993), increased K uptake in Raphanus seedlings by 15%  
(Khanna,1998), and stabilized the plasma membrane (Mansour, 1998). In general, 
accumulation of proline in the cytoplasm is associated with a reduction in the concentration 
of toxic ions and an increase in the cytosolic water volume (Cayley et al., 1992). In contrast 
to the above findings on beneficial effects of exogenous application of proline, there are a 
few reports cautioning its use. For example, exogenous application of proline did not 
influence Na+ and Cl− accumulation in rice leaves (Lutts et al., 1996) and in wheat (Colmer et 
al., 1995). It caused damages to ultra-structures of chloroplast and mitochondria in 
Arabidopsis plants (Hare et al., 2002) and exacerbated the deleterious effects of salt on rice 
(Garcia et al., 1997). The role of proline in salt tolerance needs to be further elucidated before 
considering it as a salt tolerance indicator. However, in spite of its positive and negative roles 
on salt tolerance and crop production, very little attention has been paid to the responses of 
Foxtail millet and Proso millet under exogenous application of proline. 
 
1.8.2 Exogenous citric acid to alleviate saline and alkaline stress  
It has been reported that organic acids (OA) like citric acid has a potential role as 
metabolically-active solutes in osmotic adjustment, balance of cation exchange, and pH 
homeostasis under saline and alkaline conditions (Guo et al., 2010; Wang et el., 2011). In 
recent years, reports have shown that some alkali-tolerant halophytes accumulate high 
concentrations of OA under alkali stress (Yang et al., 2008b), but not in alkali sensitive 
maize (Qu and Zhao, 2004), or the alkali tolerant halophyte Suaeda salsa (Qu and Zhao, 
2003). However, no evidence exists regarding the effects of exogenous application of citric 
acid to stress tolerance of glycophytes under SS and AS conditions except the report of Sun 
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and Hong (2010a) in halophytes (Leymus chinensis Trin.) who reported that exogenous citric 
acid can mitigate the saline and alkaline stress as like proline. Although there is evidence that 
exogenous application of citric acid to the hydroponic solution alleviated the inhibitory effect 
of toxic Al on root extension in cotton (Hue et al., 1986) and shoot growth in corn (Bartlett 
and Riego, 1972). These reports demonstrated that exogenous application of citric acid might 
have a positive role on stress responses of crop plants. 
 
1.9 Aim of the study 
The aim of the present study was to investigate the mechanisms of salt tolerance of 
Foxtail millet (Setaria italica L.) and Proso millet (Panicum miliaceum L.) which are 
particularly important food grains and fodder crops grown in arid and semi-arid regions. The 
water requirements of these millets are very low as compared to the other major cereals 
which allowed them to grow successfully in the drought prone areas, such as the northern 
parts of Bangladesh. Considering their significant roles of the food security and the 
expanding salt problem in the vast areas of the country, the Bangladesh Government recently 
approved research approaches towards developing high-yielding crops that can be grown in 
the salt affected areas. To enable for growing such crops, it is necessary to know how tolerant 
plants are able to adapt in saline and alkaline conditions. During recent decades, research on 
the stress responses of halophytic plants has aided our understanding of the mechanisms of 
stress adaption and stress tolerance in plants. But very little attention has been paid to the 
responses to saline stress and alkaline stress in the glycophytes. In spite of their versatile uses 
and adaptation in drought prone areas, these crops have not yet been properly addressed or 
studied under saline and alkaline conditions as like other halophytes and glycophytes. Based 
on the results of Sun and Hong (2010a), it can be hypothesized that citric acid is a component 
of the stress response and that exogenous citric acid can improve salt tolerance by stimulating 
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plant growth and metabolic activities. The present study was, therefore, conducted to identify 
the saline and alkaline tolerance of Foxtail millet and Proso millet by comparing to their 
growth and metabolic responses under saline and alkaline conditions and to explore the 
potentiality of the sensitive one cultivated with or without the application of exogenous citric 
acid and proline and to compare the effects of citric acids and proline by judging the growth 
and metabolic responses. In order to achieve these aims, the objectives of this work were as 
follows: 
1) To investigate the nature of tolerance of Foxtail millet and Proso millet under saline and 
alkaline environments, 
2) To assess whether exogenous application of citric acids and proline could alleviate the 
adverse effects of saline stress (SS) and alkaline stress (AS), and 
3) To find out the strategies how citric acid and proline ameliorate saline and alkaline stresses. 
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CHAPTER 2 
 
COMPARATIVE STUDIES ON GROWTH AND PHYSIOLOGICAL 
RESPONSES TO SALINE AND ALKALINE STRESSES OF FOXTAIL 
MILLET (Setaria italica L.) AND PROSO MILLET (Panicum miliaceum L.) 
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2.1 INTRODUCTION 
Environmental stresses adversely affect growth and productivity of plants, 
particularly those which are sensitive to salinity and alkalinity. These stresses cause severe 
changes in growth, physiology and metabolism of plants, thus threatening the cultivation of 
plants around the globe (Lunde et al., 2007). According to an estimate, the world’s land 
surface occupies about 13.2x109 ha, no more than 7.0x109 ha are potentially arable, and only 
1.5x109 ha are currently cultivated. Of the cultivated area, about 0.34x109 ha (23%) are saline 
and another 0.56x109 ha (37%) are sodic (Tanji, 1990). The loss of potentially cultivable land 
is likely to increase over the next 20 years and threats the world food supply. For example, in 
the northeast of China, area of alkalinized grassland has reached more than 70% (Kawanabe 
and Zhu, 1991); because soil salinization and alkalinization frequently co-occur, the 
conditions in naturally salinized and alkalinized soils are very complex; the total salt contents, 
their composition and the proportion of neutral to alkaline salts may vary in different soils. 
Grain productivity through green revolution has reached a ceiling, whereas the world 
population continues to grow (Akhtar and Saqib, 2008). Therefore, improving crop yields in 
normal and less productive soils, including saline and alkaline soils by combating those 
stresses is highly desirable to feed the ever-increasing population. 
 
Plants under saline conditions encounter three inevitable factors (Islam, 2001). First, 
salt decreases osmotic potential of soil solution effectively generating water stress for plants. 
It can result in specific ion toxicity due to excess accumulation of Na+ or Cl- in plant cells, 
which is the second effect on plants. Lastly, the interaction of salts with mineral nutrients 
may result in nutrient imbalances and deficiencies (Munns and Tester, 2008). Halophytes 
cope with this situation by actively taking up Na+, and compartmentalizing Na+ into vacuoles, 
which acts as an osmoticum to maintain the water potential gradients necessary for 
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continuous water uptake (Ehret and Plant, 1999). These plants also generate a higher level of 
osmotically active compounds (proline, glycine betaine, etc.) in the cells in order to sustain 
adequate osmotic gradients for water uptake (Hasegawa et al., 2000). To induce tolerance 
against toxic Na+ sensed by plants, the regulation of K+ uptake and / or prevention of Na+ 
entry, efflux of Na+ from the cell, and utilization of Na+ for osmotic adjustment are the 
strategies commonly used by plants to maintain desirable Na+/ K+ ratios in the cytosol (Glenn 
and Brown, 1999). The Na+, K+, Ca2+, and Mg2+ are the main cations of dissoluble mineral 
salts, and Cl–, SO4
2–, HCO3
–, CO3
2–, and NO3
– are the corresponding main anions in saline 
and alkaline soils, which come from neutral salts or alkaline salts (Läuchli and Lüttge, 2002). 
Alkaline salts (NaHCO3 and Na2CO3) induce much stronger destructive effects on plants than 
neutral salts (NaCl and Na2SO4) (Shi and Yin, 1993). When salinized soil contains HCO3
– 
and / or CO3
2–, which raise the soil pH, plants suffer damaging effects of both saline and 
alkaline stresses (Yang et al., 2008a). 
 
The contributory role of proline to osmotic adjustment has been reported by many 
researchers (Ashraf and Foolad, 2007). Proline has also been considered as a carbon and 
nitrogen source for growth, a stabilizer for the membrane and some macromolecules and also 
a free radical scavenger under stress conditions (Okuma et al., 2000). However, to date, 
researches into salt stress have emphasized NaCl as the main contributing factor to proline 
accumulation, but there is very little published information available regarding this issue 
under alkaline stress condition. 
 
Proso millet (Panicum miliaceum L.) is an important forage species of the largest 
genus Panicum, which includes more than 400 species (Roshevits, 1980). This plant naturally 
grows in hot and dry areas where a high salt content is the characteristic of most soils and it 
has been cultivated for both its high food and feed value. Foxtail millet (Setaria italica L.) is 
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also widely cultivated in arid and semi-arid regions as a food and fodder crop. The morpho-
physiological, cellular and molecular responses of many crop species to salinity/alkalinity 
stresses have been extensively investigated but, unfortunately, millets like Foxtail and Proso 
millets have not been explored in this way to date. Therefore, the present study was aimed to 
assess inter-species variation in saline and alkaline tolerance of Foxtail millet and Proso 
millet in their vegetative stage.  
 
2.2 MATERIALS AND METHODS 
2.2.1 Plant material and culture conditions  
Seeds of Foxtail millet (Setaria italica L. cv: BARI kaun-3) and Proso millet 
(Panicum miliaceum L., cv: BARI china-1) were collected from Bangladesh Agricultural 
Research Institute (BARI), Gazipur, Bangladesh. Seeds of both species were surface-
sterilized with 5% thiophanate-methyl for 5 min and air-dried. Seeds were sown into 5 L 
plastic pots containing a soil mixture of granite regosol soil and perlite (2:1 v/v). After 
germination, 20 uniform seedlings were kept at an identical distance in each pot. Pots were 
maintained under greenhouse conditions. Plants were irrigated with nutrient solution at each 
watering using an irrigation system.  The basal nutrient solution contained 8.3 mM NO3-N, 
0.8 mM NH4-N, 0.5 mM P2O5, 2.2 mM K2O, 0.7 mM MgO, 2.1 mM CaO, 11 μM MnO, 5 
μM B2O3 and 13 μM Fe.  To simulate saline stress (SS) and alkaline stress (AS) conditions in 
nature (Chen et al., 2009; Liu et al., 2010), two stress treatments were applied: neutral salts of 
NaCl and Na2SO4 (9:1 molar ratio) and alkaline salts of NaHCO3 and Na2CO3 (9:1 molar 
ratio). At four weeks after sowing, plants were subjected to stress treatments every day until 
water was drained-out from the bottom of the pot. Before applying 100 mM SS and AS 
treatments for 7 days, plants were subjected to SS and AS of 25, 50 and 75 mM 
concentrations every 3 days alternatively for the hardening of plants. The pH/EC (S m-1) of 
 17 
saline and alkaline solutions was 6.9/1.217 and 9.2/0.930, respectively. Each treatment was 
applied to three replicates located randomly in the greenhouse in order to avoid positional 
effects.  
 
2.2.2 Plant sampling and measurements 
Plants in each pot were sampled and separated into the leaves, stems (culms) and 
roots before the application of treatments and at 16 d after treatment initiation. The separated 
segments were wiped with tissue towel paper to remove moisture and their fresh weights 
were measured. The fresh samples were kept frozen in liquid nitrogen, then freeze-dried and 
we measured the dry weight. Dry samples were ground into fine powder using a vibrating 
sample mill (Model TI-100, Heiko Seisakusho Ltd., Tokyo, Japan) for chemical analysis. 
Leaf samples were taken in triplicate from a composite pool of physiologically mature leaves 
of each genotype. The leaf area was measured using a leaf area meter (AMM-5 type leaf area 
meter, Hayashi-Denko, Tokyo, Japan) and the leaves were oven-dried at 80°C for 72 h and 
the dry weight was determined. The leaf area ratio was calculated as the total leaf area per 
unit leaf dry mass. The RGR was calculated using the method of Kingsbury et al. (1984). The 
RWC of the leaf was estimated according to the method of Saneoka et al. (1995). The Na and 
K concentrations were determined after digestion by nitric acid–hydrogen peroxide, using a 
flame photometer (ANA 135, Eiko Instruments Inc., Tokyo, Japan). The Ca and Mg 
concentrations were determined using an atomic absorption spectrophotometer (U-3310 
Hitachi Co. Ltd., Tokyo, Japan). Proline was determined spectrophotometrically following 
the ninhydrin method described by Bates et al. (1973), using L-proline as a standard. The total 
N content was determined using a Kjeldahl nitrogen digester and distillator (Kjeldatherm 
Type TT100 & Vapodset Type 20, Gerhardt, Germany). 
 
2.2.3 Statistical analysis.  
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Data were examined using one-way ANOVA and presented as the mean ± S.E. for 
each treatment and species (n=3). Multiple comparisons of means of data among the 
treatments within the plants were performed using Duncan’s test at the 0.05 significance 
level (all tests were performed with SPSS Version 16.0 for Windows). 
 
2.3 RESULTS 
2.3.1 Plant growth 
The plant dry matter yield of both Foxtail millet and Proso millet declined with SS 
and AS and the decline was mostly caused by a reduction in leaf and stem biomass. However, 
Proso millet produced a significantly greater amount of dry matter than Foxtail millet (Fig. 
2.1). A marked relative reduction (37 and 62% under SS and AS, respectively) in the shoot 
dry mass was observed in Foxtail millet, as compared to Proso millet (22 and 45%, 
respectively). Moreover, decreases of 40 and 17% more than the control were also recorded 
for root dry mass under the AS condition in Foxtail millet and Proso millet, respectively. The 
values for the root/shoot ratio increased with the stress treatments and reached a maximum in 
Foxtail millet under the AS condition (data not shown). The RGR and NAR of both species 
decreased significantly under AS condition. The reduction percentages of RGR and NAR of 
alkaline treated Foxtail millet were 44 and 33%, whereby 31 and 27% in the case of Proso 
millet, respectively (Table 2.1). It is noteworthy that a noticeable reduction of the LAR was 
observed only in Foxtail millet under AS but no statistical differences were observed among 
the treatments in Proso millet.  
 
2.3.2 Relative water content 
Stress treatments caused a significant decrease in the RWC and rate of reduction was 
greater in AS than in SS in both tested species (Fig. 2.2). The relative reduction was more 
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marked in Foxtail millet than in Proso millet. The RWC was almost the same between the 
two species under control treatment (87 and 88% in Foxtail millet and Proso millet, 
respectively), however, under stress conditions, it tended to be lower in Foxtail millet (70 and 
61% under SS and AS, respectively) than in Proso millet (74 and 68% under SS and AS, 
respectively). 
 
2.3.3 Ionic status 
Sodium  
The Na concentrations in leaves, stems and roots increased under both stresses, and 
the increases under the AS condition were significantly greater than those under SS in all of 
the plant parts of both species with the exception of the roots of Foxtail millet, which 
accumulated a significantly higher concentration of Na under the SS condition (Table 2.2). 
Compared to Proso millet, the leaves of Foxtail millet accumulated 1.55 times more Na under 
the SS condition and 1.61 times more Na under the AS condition (Table 2.3). Interestingly, 
the roots of Proso millet accumulated a higher amount (40%) of Na (2.67 times higher) than 
the roots of Foxtail millet (15%) under AS (Table 2.3).  
Potassium  
The AS caused a significant decrease in the K concentration of the studied plant 
segments in both species except for the leaves of Proso millet. The leaves of both species 
achieved the highest concentration of K under the SS condition compared to the other 
treatments (Table 2.4). Significantly lower concentrations of K were observed in all of the 
plant parts in Foxtail millet under AS compared to under SS; however, this tendency was 
found only in the roots but not in the leaves and stems of Proso millet.  
Na / K ratio 
The ratio of Na ⁄ K increased under both stresses and it was higher under AS 
compared to SS in all of the plant parts (Table 2.5).  
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Calcium  
The calcium concentration was noticeably reduced by SS and AS in the leaves and by 
AS in the stems of Foxtail millet. The leaves accumulated a higher concentration than the 
stems and roots of both species (Table 2.6). Saline stress caused a significant decrease in root 
Ca concentration of both species, whereas AS increased the roots Ca concentration more 
markedly in Foxtail millet. The relative reduction due to stresses was greater in Foxtail millet 
than in Proso millet.  
Magnesium 
The Mg concentration was decreased significantly by the stresses in the leaves and 
roots of both species (Table 2.7). The relative inhibition was greater (39 and 52% under SS 
and AS) in the roots of Foxtail millet than Proso millet (23 and 40% under SS and AS, 
respectively) but the rates of reduction were more in the leaves and stems of Proso millet 
than Foxtail millet. The significant inhibition was mainly observed in the stems of AS treated 
plants of both species. 
 
2.3.4 Nitrogen and proline  
The total N content decreased in all plant parts under both stresses and the reductions 
were more severe in AS than in SS (Fig. 2.3). Significant reductions were observed in Foxtail 
millet under both SS and AS, showing values (relative reduction plant-1) of 25 and 63%, 
respectively. However, a significant reduction (54%) was observed only under AS but not 
under SS (14%) in Proso millet. The proline concentration increased under SS and AS 
conditions and the increase was greater under SS than under AS for both species (Fig. 2.4). 
Furthermore, these results demonstrated that Foxtail millet produced 14.7 and 12.6 times 
more than the control under SS and AS conditions, respectively; while those values in Proso 
millet were only 5.2 and 2.3.  
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2.4 DISCUSSION 
2.4.1 Plant growth 
The decreased biomass weights of plants under saline and alkaline conditions are correlated 
with the reduced leaf area, which results in decreases of photosynthetic area and Pn (Yang et 
al., 2008a). It is thought that a decreased Pn under stress could have reduced the shoot growth 
and development, thus finally leading to lower biomass production compared to the control 
(Campbell and Nishio, 2000). In the present study, the lower stress-induced reduction of 
growth in Proso millet compared with Foxtail millet (Fig. 2.1) might be attributed to the 
lower reduction of the RGR (SS:21/13% and AS:44/31% for Foxtail millet/Proso millet, 
respectively) and also NAR in the salt-stressed plants (Table 2.1). These results indicate that 
Proso millet is a comparatively saline and alkaline tolerant species with the inhibitory effect 
of alkalinity being stronger than that of salinity. It is suppose that a high pH appearing in the 
rhizosphere might be a primary factor for a more pronounced inhibition of plant growth by 
disturbing some mineral nutrition and other physiological functions. This finding is also in 
agreement with the previous studies (Sharma et al., 2001; Nuttall et al., 2003). The reduction 
of plant growth at a higher saline concentration was mainly due to the reduction of the 
photosynthetic area as reported by Marcelis and Van-Hooijdonk (1999) and James et al. 
(2002). The other factors mainly depend on the cumulative effects of leaf water and osmotic 
potential, biochemical constituents (Dixit and Chen, 2010), contents of photosynthetic 
pigments (Koyro, 2006) and ion toxicities in the cytosol (James et al., 2006). The RGR value 
reflects the life-sustaining activities of plants, and is considered an optimum index for 
degrees of stress and plant responses to stresses. Severe salt stress generally leads to growth 
arrest and even to death of plants (Parida and Das, 2005). In the present study, the decreases 
of RGR under AS (44 and 31% in Foxtail millet and Proso millet, respectively) were greater 
than that under SS (21 and 13% in Foxtail millet and Proso millet, respectively) (Table 2.1). 
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This more injurious effect by AS compared with SS is consistent with the previous study 
reported by Yang et al. (2007). The RGR is the product of NAR and LAR, where NAR is 
largely the net result of carbon gain (Pn) and carbon losses (respiration) expressed per unit 
leaf area. The alkaline stress exerts the same stress factors as SS but under AS plants have to 
deal with the stress of an elevated pH. The AS induced severe reductions in water content in 
plants (Fig. 2.2). These results indicate that high pH due to AS in the soil surrounding the 
roots might cause damage to root structures and functions such as reduced water uptake (Fig. 
2.2), and inability to prevent accumulation of Na (Table 2.3) and to uptake the essential 
elements like K, Ca, Mg showing reduced concentrations (Tables 2.4, 2.6 and 2.7) following 
reduced LAR and NAR (Table 2.1). These may be the main reasons explaining the lower 
RGR value under AS than under SS of Foxtail millet and Proso millet. The injurious effects 
of salinity are commonly thought to be a result of low water potentials and ion toxicities 
(Munns, 2002). 
 
2.4.2 Relative water content  
Under saline conditions, plants suffer from osmotic shock due to lower osmotic 
potential and synthesize different metabolites to maintain turgor (Orcutt and Nilsen, 2000). 
However, in this study, the RWC decreased under SS and AS, and a more marked reduction 
was also observed under AS in Foxtail millet compared to Proso millet (Fig. 2.2), which may 
represent the cumulative effects of a greater reduction in the leaf area and LAR, as well as 
severe damage to root structures by a higher concentration of Na. Nonetheless, Foxtail millet 
plants have to face a more pronounced water deficit under AS, imposed by a low external 
water potential due to a higher concentration of Na accumulation in extracellular regions 
reaching a toxic threshold, causing severe damage to plant tissues. Our results suggest that 
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the better water relation in plant under stress conditions obviously contributed to the 
maintaining of higher plant growth in Proso millet than in Foxtail millet. 
 
2.4.3 Ionic status  
Under saline conditions, halophytes usually accumulate inorganic ions in vacuoles to 
decrease the cell water potential because energy consumption to absorb inorganic ions is far 
less than that needed to synthesize organic compounds (Moghaieb et al., 2004; Shi and Sheng, 
2005), and they generally compartmentalize Na+ in vacuoles to avoid Na+ toxicity in the 
cytosol (Serrano and Rodriguez-Navarro, 2001; Zhu, 2003). Additionally, halophytes usually 
absorb Na+ and inhibit K+ uptake under saline and alkaline stresses (Tammam et al., 2008). In 
this study, Na concentration was induced under both stresses in all the plant segments (Table 
2.2) and K concentration was reduced in the stems and roots of both species (Table 2.4), 
indicating that there is a competitive inhibition between the absorption of Na and K. 
However, in leaves, the concentration of Na and K increased under SS, which implies that 
there was no competitive inhibition for absorption Na and K in leaves. No competitive 
inhibition between Na+ and K+ uptake was observed by Saneoka et al. (1995, 1999) in maize 
and wheat. The acquisition of K was inhibited more by AS than by SS of both species, 
possibly due to the high pH under AS which increased the interference with the selective 
absorption of K to Na in roots and elevated intracellular Na concentration to a toxic level. A 
more markedly decreased acquisition of K in Chloris virgata under AS than under SS was 
noticed by Yang et al. (2008a). Recently some investigations also reported that both Na and 
K concentrations increased with elevating salinity in the shoots of Suaeda glauca and Kochia 
sieversiana (Yang et al., 2007, 2008c), in the leaf blade of bread wheat (Hidhab) 
(Benderradji et al., 2011). Thus, the pattern of Na and K accumulation to SS and AS in 
halophytes may be varied by their genotypic nature. Those antagonistic-synergistic effects 
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for uptaking Na and K may need to investigate further. The Na / K ratios have been shown to 
increase with rising salinity in many halophytes (Yang et al., 2007; 2008b) and a high Na / K 
ratio implies metabolic disorders (Brady et al., 1984). In the present study, AS sharply 
increased the Na / K ratio and Foxtail millet showed higher ratios than Proso millet (Table 
2.5). It is thought that the severe depressive effect of alkalinity over salinity on plant growth 
could be related to a greater increase of Na and decline of K concentration in aerial plant 
parts. Proso millet restricted the transportation of Na from roots to shoots resulted in a higher 
ratio of Na / K in Proso millet roots. Yang et al. (2008a) reported the similar results whereby 
a high pH caused by alkaline stress may enhance interference with the selective absorption of 
Na / K in roots and may increase intracellular Na to a toxic level. The Ca2+ and Mg2+ 
accumulation is inhibited by salt stress in many plants (Yousif et al., 2010). In this 
observation, the Ca concetration was inhibited significantly in the Foxtail millet leaves under 
SS and AS, and stems under AS. In case of Proso millet, the inhibition was insignificant in 
the leaves under SS and stems under both stresses (Table 2.6), indicating that Proso millet is 
more tolerant than Foxtail millet. The Mg concentration also decreased in the leaves and 
roots of both species under SS and AS and the extent of decreases under AS were higher than 
under SS (Table 2.7).  It may be due to the high pH under AS reducing the availability of Ca 
and Mg in the root zones by precipitating them into CaCO3 and MgCO3.  
 
2.4.3 Nitrogen and proline 
Decreased nitrogen uptake under SS and AS conditions may be due to the interaction 
between Na+ and NH4
+ and / or between Cl- and NO3
- that ultimately reduces the growth of 
crops. Moreover, the lower accumulation of Na+ in Proso millet as compared to Foxtail millet 
is thought to be the result of a higher N uptake due to the reduced antagonistic effects of Na+-
NH4
+ in roots and the lower influence of Na+ on NH4
+ loading into the xylem. Na+-NH4
+ / Cl-
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-NO3
- interactions under stresses from a biochemical perspective indicate a decreased N 
accumulation that ultimately reduces growth and yield of crops as described by Bar et al. 
(1997). N deprivation adversely affects plant growth and development by reducing the 
photosynthetic area (James et al., 2002), having cumulative effects on the leaf water and 
osmotic potential (Munnns, 2002), and increasing ion toxicities in the cytosol (James et al., 
2006). In this case, It is to predict that a more markedly decreased leaf area, RWC and 
increased Na+ accumulation under AS in Foxtail millet induced higher-level inhibition of the 
NAR, ultimately mediated by a reduced nitrogen content (Fig. 2.3). The roles of proline have 
been widely reported as cell osmotic adjustment, membrane stabilization and the 
detoxification of injurious ions and correlation with stress tolerance in plants exposed to salt 
stress (Ashraf and Foolad, 2007; Tammam et al., 2008). It is evident from our study that the 
proline concentration of both species increased under SS and AS (Fig. 2.4). These results 
suggest that the induction of proline is related to the changes in not only salinity, but also 
alkalinity. It is common for proline to be correlated with stress tolerance (Kavi Kishor et al., 
2005; Younis et al., 2009) but the significance of proline accumulation in osmotic adjustment 
is still being debated and varies according to the species (Rodriguez et al., 1997). These 
results indicate that the increment of proline concentration is not only being osmolyte and 
protectant, but it may also have other roles related to alkaline stress, which should be further 
investigated.  
 
Proso millet showed a more favorable leaf area, LAR, NAR, RGR and Na-K levels 
under saline and alkaline conditions by reducing stress-induced changes in all physiological 
and biochemical functions. Meanwhile, the deleterious effects of alkaline stress on all plant 
traits were always higher than that of saline stress, and thus Proso millet may have evolved 
specific mechanisms to tolerate saline and alkaline stresses and these should be investigated 
further. 
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Fig 2.1 Effects of SS and AS on the dry weight of leaves, stems and roots of Foxtail millet 
and Proso millet. The values are the means (± S.E) of three replicates. 
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Fig. 2.2 Effects of SS and AS on the RWC in the leaves of Foxtail millet and Proso millet. 
The values are the means (± S.E) of three replicates. 
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Fig. 2.3 Effects of SS and AS on total N content in the leaves, stems and roots of Foxtail 
millet and Proso millet. The values are the means (± S.E) of three replicates. 
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Fig. 2.4 Effects of SS and AS on the proline concentration in the leaves of Foxtail millet and 
Proso millet. The values are the means (± S.E) of three replicates. 
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Table 2.1 Effects of SS and AS on the RGR, NAR and LAR of Foxtail millet and Proso 
millet. The values are the means (± S.E) of three replicates.  
 
Growth 
parameters 
Foxtail millet Proso millet 
Control SS AS Control SS AS 
RGR 
(mg g-1 day-1) 
59.3±4.04a 46.7±5.67ab 33.2±4.58b 54.2±0.58a 46.9±1.53ab 37.5±4.63b 
NAR 
(mg cm-2 day-1) 
0.110±0.01a 0.091±0.01ab 0.074±0.00b 0.140±0.01a 0.122±0.00ab 0.102±0.02b 
LAR (cm2 g-1) 537.6±11.5a 513.3±6.57ab 448.2±12.72b 389.4±12.46a 385.4±7.60a 367.9±6.94a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2.2 Effects of SS and AS on Na concentration (mg g-1 DW) in the leaves, stems and 
roots of Foxtail millet and Proso millet. The values are the means (± S.E) of three replicates. 
 
Genotypes Treatments 
Na 
Leaves Stems Roots 
Foxtail 
millet 
Control 0.86±0.04c 1.72±0.09c 1.85±0.29c 
SS 26.30±1.81b 28.60±1.53b 20.44±1.79a 
AS 41.02±3.93a 37.67±4.15a 13.60±0.93b 
Proso 
millet 
Control 0.84±0.02c 1.56±0.05c 2.45±0.11c 
SS 8.53±0.38b 10.92±0.79b 21.38±1.01b 
AS 19.28±1.76a 22.14±1.00a 28.73±2.43a 
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Table 2.3 Effects of SS and AS on Na accumulation (mg plant-1) in the leaves, stems and 
roots of Foxtail millet and Proso millet. The values are the means of three replicates. 
 
Genotypes Treatments 
Na  
Leaves stems Roots Total 
Foxtail 
millet 
Control 
0.11 0.22 0.23 0.56 
(19) (39) (42) (100) 
SS 
2.11 2.36 1.70 6.16 
(34) (38) (28) (100) 
AS 
2.17 1.99 0.71 4.88 
(45) (40) (15) (100) 
Proso 
millet 
Control 
0.06 0.11 0.18 0.36 
(17) (32) (51) (100) 
SS 
0.55 0.70 1.29 2.54 
(22) (27) (51) (100) 
AS 
1.17 1.35 1.70 4.22 
(28) (32) (40) (100) 
              ( ): Na partitioning as percentage in the leaves, stems and roots 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2.4 Effects of SS and AS on K concentration (mg g-1 DW) in the leaves, stems and 
roots of Foxtail millet and Proso millet. The values are the means (± S.E) of three replicates. 
 
Genotypes Treatments 
K 
Leaves Stems Roots 
Foxtail 
millet 
Control 38.84±1.55a 42.88±1.80a 3.31±0.41a 
SS 41.15±2.01a 36.46±2.82a 2.84±0.427a 
AS 32.95±0.34b 23.50±2.48b 0.88±0.07b 
Proso 
millet 
Control 16.27±0.62b 27.61±0.65a 5.89±0.09a 
SS 20.20±0.87a 20.10±1.11b 3.50±0.31b 
AS 18.19±0.37ab 19.67±0.28b 1.87±0.12c 
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Table 2.5 Effects of SS and AS on Na / K ratio in the leaves, stems and roots of Foxtail millet 
and Proso millet. The values are the means of three replicates. 
 
Genotypes Treatments 
N / K 
Leaves Stems Roots 
Foxtail 
millet 
Control 0.03 0.04 0.56 
SS 0.76 0.79 7.20 
AS 1.49 1.60 15.45 
Proso 
millet 
Control 0.02 0.06 0.42 
SS 0.72 0.54 6.04 
AS 1.15 1.13 15.36 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2.6 Effects of SS and AS on Ca concentration (mg g-1 DW) in the leaves, stems and 
roots of Foxtail millet and Proso millet. The values are the means (± S.E) of three replicates. 
 
Genotypes Treatments 
Ca 
Leaves Stems Roots 
Foxtail 
millet 
Control 2.84±0.00a 1.94±0.06a 0.84±0.08b 
SS 2.44±0.09b 1.64±0.13ab 0.59±0.01c 
AS 2.12±0.07c 1.48±0.10b 1.12±0.05a 
Proso 
millet 
Control 2.19±0.02a 1.47±0.15a 1.12±0.03a 
SS 2.16±0.04ab 1.35±0.10a 0.86±0.03b 
AS 2.07±0.03b 1.18±0.04a 1.17±0.09a 
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Table 2.7 Effects of SS and AS on Mg concentration (mg g-1 DW) in the leaves, stems and 
roots of Foxtail millet and Proso millet. The values are the means (± S.E) of three replicates. 
 
Genotypes Treatments 
Mg 
Leaves Stems Roots 
Foxtail 
millet 
Control 1.92±0.10a 1.50±0.09a 0.33±0.02a 
SS 1.33±0.16b 1.12±0.09b 0.20±0.02b 
AS 1.26±0.05b 0.71±0.09c 0.16±0.01b 
Proso 
millet 
Control 2.82±0.14a 0.99±0.03a 0.80±0.03a 
SS 1.79±0.17b 0.91±0.14a 0.62±0.01b 
AS 1.34±0.07b 0.37±0.03b 0.48±0.01c 
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CHAPTER 3 
 
GROWTH AND METABOLIC RESPONSES OF FOXTAIL MILLET 
(Setaria italica L.) AND PROSO MILLET (Panicum miliaceum L.) TO 
SALINE AND ALKALINE STRESSES 
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3.1 INTRODUCTION 
Soil salinity and alkalinity seriously affect about 932 million ha of land globally, 
reducing productivity in about 100 million ha in Asia alone (Rao et al., 2008). In many 
agricultural areas of Asia, alkalinity (high pH) is an important factor limiting crop 
productivity (Wang et al., 2011). More than 70% of the land area in northeast China is 
alkaline grassland, where the soil becomes alkaline as a result of hydrolysis of two 
carbonates (NaHCO3 and Na2CO3) (Yang et al., 2007). Salt stress in soil generally involves 
osmotic stress and ion-induced injury (Munns, 2002), and there is an additional high pH 
effect with alkali stress. A high-pH environment surrounding the roots can cause metal ions 
and phosphorus to be precipitated, with loss of the normal absorptive functions of the roots 
and the destruction of the root cell structure (Li et al., 2009). Alkali stress can inhibit the 
absorption of inorganic anions such as Cl–, NO3
– and H2PO4
–, greatly affects the selective 
absorption of K+-Na+, and disrupts the ionic balance (Yang et al., 2007, 2008b, 2009a). Thus, 
plants in alkaline soil must cope with physiological drought and ion toxicity, and should also 
maintain intracellular ion balance and regulate pH outside the roots. 
 
To date, research of salt stress still emphasizes NaCl as the main subject, but it is 
rapidly developing towards various aspects such as Na+ metabolism (Serrano et al., 1999), 
molecular biology of salt resistance genes (Quesada et al., 2002), and salt stress signal 
transduction (DeWald et al., 2001), and so on. However, there are only a few reports 
regarding alkaline stress on crop plants and it has been reported that alkali stress more 
severely affects on the plant growth and metabolism than salt stress (Ma et al., 2007; Yang et 
al., 2008a; Liu et al., 2008). 
 
Reclamative and preventive measures for rendering saline-alkaline affected soils fit 
for crop production are usually expensive and generally considered temporary solutions. 
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Crops differ considerably in their ability to tolerate salinity-sodicity and these intergenic 
differences can be exploited for selecting the crops that produce satisfactory yield under 
given levels of root zone salinity and sodicity (Koyama et al., 2001). Therefore, selection and 
breeding of species / cultivars tolerant to salinity is a feasible and economical approach for 
utilizing salt affected soils (Munns et al., 2006). Substitution of salt-tolerant crop species for 
sensitive species is still practiced in all saline growing areas of the world. However, the 
success of this approach depends on the presence of genetic variation in the gene pool of 
inter-intra species.  
 
It has been reported in the previous chapter that Foxtail millet is more sensitive than 
Proso millet under 100 mM saline and alkaline conditions, especially in more deleterious 
alkaline conditions. In fact, Foxtail millet could not survive longer under that AS condition 
making it unavailable for measurement of physiological attributes. Therefore, the present 
study was undertaken using lower levels of SS and AS (50 and 75 mM) for closely 
investigating the growth, membrane stability, water status, photosynthetic pigments and gas 
exchange characters, mineral composition and organic metabolites of Foxtail millet and 
Proso millet.   
 
3.2 MATERIALS AND METHODS 
3.2.1 Plant material and culture conditions  
The collection of seeds of Foxtail millet (Setaria italica L.) and Proso millet 
(Panicum miliaceum L.) was described in Chapter 2. The seeds were surface-sterilized with 
5% thiophanate-methyl for 5 min and air-dried and sown into 1 L plastic pots containing a 
soil mixture of granite regosol soil and perlite (2:1 v/v). Six uniform seedlings were kept 
after germination at an identical distance in each pot. Plants were irrigated with basal nutrient 
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solution containing 8.3 mM NO3-N, 0.8 mM NH4-N, 0.5 mM P2O5, 2.2 mM K2O, 0.7 mM 
MgO, 2.1 mM CaO, 11 μM MnO, 5 μM B2O3 and 13 μM Fe. Two neutral salts of NaCl and 
Na2SO4 (9:1 molar ratio) and two alkaline salts of NaHCO3 and Na2CO3 (9:1 molar ratio 
were used to simulate saline stress (SS) and alkaline stress (AS) conditions in nature). At six 
weeks after sowing, plants were subjected to stresses twice a day until water was drained-out 
from the bottom of the pot. Plants were subjected to 25 mM SS and AS for 3 d and 50 mM 
SS for next 3 d for the hardening of plants before applying original treatments. The pH and 
EC (S m-1) of SS solutions was 6.5 and 1.217, respectively while in AS solution the values 
were 9.0 and 0.930, respectively. Each treatment was applied to four replicates located 
randomly in the greenhouse in order to avoid positional effects.  
 
3.2.2 Plant sampling and measurements 
Before the application of treatments and at 14 d after treatment initiation, plants in 
each pot were sampled and separated into the leaves, stems and roots. The separated plant 
parts were wiped with tissue towel paper to remove moisture and their fresh weights were 
measured. The fresh samples were kept frozen in liquid nitrogen, freeze-dried and measured 
the dry weight. Dry samples were ground into fine powder using a vibrating sample mill 
(Model TI-100, Heiko Seisakusho Ltd., Tokyo, Japan) for chemical analysis. Leaf samples 
were taken in a composite pool of physiologically mature leaves of each genotype. The leaf 
area was measured using a leaf area meter (AMM-5 type leaf area meter, Hayashi-Denko, 
Tokyo, Japan) and the leaves were oven-dried at 80°C for 72 h and the dry weight was 
determined. The leaf area ratio was calculated as the total leaf area per unit leaf dry mass. 
The relative water content (RWC) of the leaf was estimated according to the method of 
Saneoka et al. (1995). The Na and K concentrations were determined after digestion by nitric 
acid–hydrogen peroxide, using a flame photometer (ANA 135, Eiko Instruments Inc., Tokyo, 
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Japan). Ca and Mg concentrations were determined using an atomic absorption 
spectrophotometer (U-3310 Hitachi Co. Ltd., Tokyo, Japan). Fresh plant materials (0.5 g) 
were randomly sampled to determine Chl concentrations in acetone (80%) extracts 
spectrophotometrically as described by Zhu (1993). Proline was determined 
spectrophotometrically following the ninhydrin method described by Bates et al. (1973), 
using L-proline as a standard. The total N content was determined using a Kjeldahl nitrogen 
digester and distillator (Kjeldatherm Type TT100 & Vapodset Type 20, Gerhardt, Germany). 
 
3.2.3 Measurement of leaf water potential and photosynthetic rate 
The leaf water potential (ΨLW) was measured according to the method described by 
Saneoka et al. (1995), using the uppermost fully expanded leaf employing a pressure 
chamber (Daiki-Rika Instruments, Tokyo, Japan) at 14 d after the initiation of the salt 
treatments. Fourteen days after the treatments, the photosynthetic rate (Pn), stomatal 
conductance and transpiration (Tr) of the third uppermost fully expanded leaves from the top 
of the plants were determined by using a portable open gas exchange system (LI-6400P 
model of Li-Cor, Inc., Lincoln, NE, USA). The photosynthetic photon flux density was 
maintained at 1,000 μmol m-2 s-1. The temperature of the leaf was 25oC and the ambient CO2 
concentration of the measurement chamber was 380 μL L-1 while measurements were taken. 
 
3.2.4 Membrane permeability 
Membrane permeability can be reflected by electrolyte leakage rate (ELR) which was 
measured with the method described by Lutts et al. (1996). Fresh leaves (1 g) were cut into 
pieces of 5 mm length and equally placed into test vials containing 30 ml deionized water. 
The vials were incubated at 25oC on a rotary shaker for 2 h, and then the initial electrical 
conductivity (EC1) was measured using a DDS-11C conductivity meter (Hongyi Company, 
Shanghai, China). Then the vials were autoclaved at 120oC for 20 min to release all 
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electrolytes and finally cooled to 25oC for the measurement of the electrical conductivity 
(EC2). ELR can be defined as follows: 
                     ELR (%) = EC1 / EC2 X 100 
 
3.2.5 Determination of sugar and starch content 
The soluble sugars were extracted by boiling 50 mg of dry powdered plant material 
with 10 ml of 80% ethanol at 80oC for 20 mins. A clear extract was obtained by 
centrifugation at 3000 rpm for five min and collected into 50 ml beaker. This step was 
repeated for the second and third time and the collected supernatant was heated at 80oC to 
remove ethanol. Then the residues were kept into a 50 ml volumetric flask and made up with 
distilled water and the aliquot was taken for the estimation of the content of soluble sugar 
with anthrone reagent by spectrophotometer (U-2001, Hitachi, Japan) using D-glucose 
solution as a standard, according to the method of Yemm and Willis (1954). The residues 
after ethanolic extraction were dissolved in perchloric acid (9.2 and 4.6 N) and the collected 
supernatant transferred into 100 ml volumetric flask and made up with distilled water. The 
aliquot was taken for the estimation of the content of starch with anthrone reagent by 
spectrophotometer (U-2001, Hitachi, Japan) using glucose solution as a standard. 
 
3.2.6 Statistical analysis  
Data were examined using one-way ANOVA and presented as the mean ± S.E. for 
each treatment and species (n=4). Multiple comparisons of means of data among different 
saline and alkaline treatments within the plants were performed using Duncan’s test at the 
0.05 significance level (all tests were performed with SPSS Version 16.0 for Windows). 
 
3.3 RESULTS 
3.3.1 Plant growth 
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Plant height and leaf area decreased with the increasing salinity and alkalinity in both 
species, however 50 mM SS did not reduce the plant height (Fig. 3.1) and leaf area (Fig. 3.2) 
significantly in Proso millet but reduced the leaf area significantly in Foxtail millet plants. 
Plant dry weight decreased by 30/41% at 50 mM SS/AS and 42/53% at 75 mM SS/AS 
treatments in Foxtail millet. On the other hand, in Proso millet, it decreased by 22/36% under 
50 mM SS/AS and 30/43% relative to the control under 75 mM SS/AS treatments (Fig. 3.3).  
 
3.3.2 Electrolyte leakage rate 
Electrolyte leakage rate, which is attributed to the damaged leaf membranes resulting 
from the SS and AS, increased gradually with increasing salinity and alkalinity in both 
species. In the case of Foxtail millet, the injury increased (over the unstressed control) 51 and 
93% at 50 and 75 mM of SS, and 118 and 161% under AS at 50 and 75 mM of AS, 
respectively. On the other hand, injury in Proso millet leaves intensified under the same 
stresses, showing an increase of 11 and 40% at 50 and 75 mM of SS, and 54 and 73% at 50 
and 75 mM of AS, respectively (Fig. 3.4).  
 
3.3.3 Water status 
The RWC decreased remarkably with increasing SS and AS in both crops and the rate 
of reduction was higher in Foxtail millet than in Proso millet (Fig. 3.5). AS reduced RWC 
more severely than SS did in all levels of stresses, and the higher level of AS (75 mM) 
reduced the RWC in Foxtail and Proso millet to 80 and 86% of the control, respectively. The 
effect of 75 mM SS was almost similar to that of 50 mM AS on this trait. 
The leaf water potential (ΨLW) declined significantly with the intensification of SS 
and AS in both species, and the reduction was greater under AS than under SS. Foxtail millet 
reduced 1.4/2.6-fold at 50 mM SS/AS and 1.7/3.4-fold at 75 mM SS/AS treatments. On the 
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other hand, Proso millet reduced similarly at 1.3/1.7 and 1.5/2.6-fold at 50 and 75 mM SS/AS, 
respectively (Fig. 3.6). 
 
3.3.4 Chlorophylls and gas exchange characters  
Chlorophylls concentration significantly decreased with increasing stresses and the 
decrease was greater in Foxtail millet under AS conditions (Fig. 3.7). The photosynthesis 
(Pn), stomatal conductance (gs) and transpiration rate (Tr) of Foxtail millet decreased 
significantly under SS and AS conditions and the rate of reduction was greater in AS than in 
SS at all levels (Table 3.1). On the contrary, no significant variations of those parameters 
were observed under 50 mM SS in Proso millet, however but the reduction was remarkable 
under all other treatments (Table 3.1). Foxtail millet showed more reduced values of Pn, gs 
and Tr in all treatment conditions compared with those of Proso millet. 
 
3.3.5 Ionic status 
Sodium 
Under SS and AS conditions, Foxtail and Proso millet plants acquired significantly 
higher concentration of Na in all plant segments as compared to unstressed plants. On the 
other hand, Proso millet acquired very less concentration of Na as compared to Foxtail millet 
under SS and AS conditions (Table 3.2). The roots of Foxtail millet transported a greater 
amount of accumulated Na to the leaves under SS and AS conditions (Table 3.3). In contrast, 
Proso millet transported very less amount of Na from roots to leaves in both conditions.  
Potassium  
The K concentration in the roots of both species gradually decreased with increasing 
salinity and alkalinity, and a significant reduction was observed in Foxtail millet under both 
stresses while in Proso millet only under alkaline stress (Table 3.4). The concentration in the 
leaves and stems of Foxtail millet under SS conditions remain unchanged from control plants 
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but significantly reduced under AS conditions. The leaves of Foxtail millet accumulated 
higher amount of K than the leaves of Proso millet. On the other hand, the roots of Foxtail 
millet accumulated lower amount of K than the roots Proso millet (Table 3.5). 
Na / K ratio 
The ratio of Na / K increased with increasing the levels of SS and AS in all the plant 
segments of both species. The ratio was higher under AS compared to SS and Foxtail millet 
showed greater values than did Proso millet (Table 3.6). 
Calcium  
The leaves of Foxtail millet contained higher concentration of Ca than the leaves of 
Proso millet; on the contrary, it was higher in the roots of Proso millet than in the roots of 
Foxtail millet (Table 3.7). Under AS conditions, the leaves of Foxtail millet and Proso millet 
accumulated 66-81% and 39-42% Ca, respectively (Table 3.8). The relative reduction due to 
stresses was greater under AS than under SS and as well as greater in Foxtail millet than in 
Proso millet.  
Magnesium 
The stems of Foxtail millet contained higher concentration of Mg than the Proso 
millet stems; on the other hand, the leaves and roots of Proso millet acciquisited higher 
concentration than the leaves and roots of Foxtail millet (Table 3.9). The relative reduction 
due to stresses was greater under AS than in SS. Foxtial millet leaves accumulated higher 
amount of Mg in AS than in SS conditins; on the other hand, Proso millet accumulated higher 
amont in SS than in AS (Table 3.10). 
 
3.3.6 Total nitrogen  
The total N concentration in leaves and roots decreased gradually with increasing 
stresses and the reductions were more severe in AS than in SS, as well as more in the leaves 
than in the roots (Figs. 3. 8 and 3.9). However, Foxtail millet was severely affected under 
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both SS and AS, whereas in Proso millet this was true only under AS conditions. The leaves 
of both species accumulated greater amount of N over control under stress conditions (Table 
3.11). 
 
3.3.7 Proline  
The proline content increased under SS and AS conditions and the increase was greater under 
AS than under SS in both species (Fig. 3.10). Furthermore, Foxtail millet produced higher 
concentration of proline relative to its control than the Proso millet.  
 
3.3.8 Total soluble sugar and starch  
Total soluble sugar (TSS) in the leaves of Foxtail millet increased significantly with 
increasing salinity and alkalinity. On the other hand, the TSS of Proso millet increased 
significantly only under alkaline stress (Fig 3.11). Starch content in the leaves decreased 
significantly with increasing intensity of SS and AS in both species except in Proso millet 
under 50 mM SS condition (Fig. 3.12). The relative reduction was higher in Foxtail millet 
than in Proso millet. 
 
3.4 DISCUSSION 
3.4.1 Plant growth 
Plant height, leaf area and dry matter accumulation are ideal indicators of plant 
growth. In this study, all three indicators were inhibited under both SS and AS conditions and 
the effects of alkalinity were more severe than those of salinity (Figs. 3.1, 3.2 and 3.3). The 
relative reductions of those growth parameters were greater in Foxtail millet than those of 
Proso millet. The effects of saline stress on the membrane permeability (Fig. 3.4) and RWC 
(Fig. 3.5) were slight, while, alkaline stress induced severe reductions in RWC and sharply 
increased ELR. The results can be explained as SS generally involves osmotic stress and ion-
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induced injury, whereas alkalinity exerts the same stress factors, even in less concentration of 
AS, with the added influence of high pH in the root zone that is involved in inhibiting plant 
growth intensely. These results were also in agreement with the previous studies reported by 
Shi and Sheng (2005); Yang et al., (2007).  Many of the published data have shown that high 
pH is a key factor in limiting plant growth and development under alkaline conditions (Yang 
et al., 2008a, 2009a,b). 
 
3.4.2 Electrolyte leakage rate 
The AS induced injurious effect was greater than that of SS at the same levels of 
stresses, and is consistent with previous reports (Shi and Yin, 1993; Yang et al., 2007). Proso 
millet showed higher membrane stability under the same stress conditions, especially more 
deleterious AS conditions, indicating its higher tolerance in comparison with Foxtail millet. 
The injurious effects of salinity are commonly thought to be a result of low water potentials 
and ion toxicities (Munns, 2002). The high pH under AS may have triggered the damaging 
effects on root cell structure and functions such as the absorption of more Na ion (Tables 3.2 
and 3.3) and a sharp increase in ELR (Fig. 3.4).  
 
3.4.3 Water status 
It is reported that plants usually can reduce RWC as a quick and economical approach 
to osmotic adjustment in response to osmotic stress (Lissner et al., 1999). The RWC 
decreased significantly with increasing salinity and alkalinity, with the extent of reductions 
under AS greater than that under SS (Fig. 3.5). However, the RWC of Proso millet was 
greater compared to Foxtail millet in both SS and AS conditions, indicating that Proso millet 
faced less stress induced by SS and AS through the  increasing ΨLW and less accumulation of 
toxic Na.  
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The more reduced ΨLW in Foxtail millet under AS as compared to SS conditions (Fig. 
3.6) indicated the desiccation of cell that resulted in limited water availability (Fig. 3.5) for 
cell expansion processes. Higher accumulation of Na in Foxtail millet under AS conditions 
might also be another reason for reducing the ΨLW. The severe reduction of gs and Tr are 
closely correlated with changes in ΨLW under salt stress (Koyro, 2006) and salt-alkali stress 
(Liu et al., 2010).  
 
3.4.4 Gas exchange characters 
Pn, gs and Tr of a plant usually decrease with increasing salinity or alkalinity (Yang 
et al., 2009a,), and it has been reported that alkaline stress, even at low alkalinity (15 mM), 
limited the photosynthesis of barley (Yang et al., 2009b) and wheat (Yang et al., 2008c). 
However, it is observed that the Pn and Tr of Proso millet did not decrease under 50 mM SS 
(Table 3.1). Zhang and Mu (2009) found similar results and concluded that the Pn, gs and Tr 
of Lathyrus quinquenervius did not decrease under moderate (30 mM) saline stress or 
alkaline stress. The more reduced Pn under higher salinity probably results from a reduction 
in intracellular CO2 partial pressure caused by stomatal closure or of non-stomatal factors 
(Bethke and Drew, 1992). The non-stomatal factors mainly depend on the cumulative effects 
of leaf water potential and osmotic potential, reduced photosynthetic area (Marcelis and Van-
Hooijdonk, 1999), contents of photosynthetic pigments ( Fig. 3.7) and ion toxicities in the 
cytosol (Zhang and Mu, 2009). The results of the present study showed that the inhibitory 
effects of AS on gas exchange characters were greater than those of SS at the same levels of 
stress and Proso millet performed well under AS conditions, indicating its higher tolerances 
compared to Foxtail millet. 
 
3.4.5 Ionic status 
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Under saline stress, plants usually accumulate high concentrations of Na+ in vacuoles 
to reduce cell water potential (Munns and Tester, 2008), simultaneously inhibiting K+ 
absorption (Shi and Sheng 2005). The lower concentration of Na and the higher conentration 
of K and as well as the lower Na / K ratio in plants have been considered good physiological 
trait indicators of salt tolerance in plants (Morsy et al., 2007; Kaya et al., 2007). However, 
the Na concentrations in the leaves and stems of Proso millet were very low under all 
treatments as compared to Foxtail millet whereas K concentrations in the stems and roots of 
Proso millet were almost the same as the Foxtail millet. Therefore, the lower Na / K in Proso 
millet indicated its high tolerance than Foxtail millet. The selectivity of low Na / K ratio in 
plants is an important control mechanism and is also a selection criterion for salt tolerance 
(Wenxue et al., 2003). The ability of plant to limit Na+ transport into the shoot is critically 
important for the maintenance of high elongation cells from the toxic effects of Na+ 
(Razmjoo et al., 2008). This could be attributed to the ability of root to exclude Na+ from the 
xylem sap flowing to the shoot, which would result to the better growth of shoot than root 
(Kaya et al., 2007). In the present study, the roots of Proso millet accumulated greater 
amount of Na than the roots of Foxtail millet under stresses but Proso millet transported less 
amount of Na to the leaves than Foxtail millet (Table 3.3), proving that Proso millet is more 
tolerant than Foxtail millet.  
 
The Mg (the key component of chlorophyll) and Ca (maintains membrane stability) 
accumulation in many plants are inhibited by salt stress (Khan, 2001). However, in this study, 
Foxtail millet accumulated more Ca in the leaves and less in the roots. On the other hand, 
Proso millet accumulated almost equal amounts in the leaves and stems and less in roots but 
greater amount than Foxtail millet roots (Table 3.8). The Mg concentration also decreased in 
both species under SS and AS and the extent of decreases under AS was higher than that 
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under SS.  It may be due to the high pH under AS which reduced the availability of Ca and 
Mg in the root zones by precipitating them into CaCO3 and MgCO3. 
 
3.4.6 Total nitrogen  
Nitrogen is one of the most essential elements and plays an important role in the 
maintenance of intracellular ionic balance and osmotic adjustment when plants are subjected 
saline and alkaline stress (Yang et al., 2007, 2008b, 2009a). Salt stress reduces N uptake in 
many plants due to the antagonistic effect between Na+ and NH4
+ and / or NO3
- and Cl- 
(Parida and Das, 2004). In this study, the N concentration in the leaves and roots gradually 
decreased with increasing salinity and alkalinity in both species, and the reduction was 
greater under AS than under SS (Figs. 3.8 and 3.9). The reduction of N concentration was 
insignificant in Proso millet at 50 mM SS, whereas it was significant under all levels of AS in 
both species. Alkaline stress might interfere the uptake or metabolism of NO3−. It has been 
proposed that NO3−
 uptake is mediated by a H+ / NO3− symport mechanism, which relies on 
the transmembrane proton gradient (Crawford and Glass, 1998). The reduction in NO3−
 in the 
root under alkali stress might be related to the lack of external protons due to the high pH.  
 
3.4.7 Proline  
It has been widely reported that plants under stresses accumulate compatible solutes 
such as proline for osmotic adjustment and detoxification of injurious ions (Kavi Kishor et al., 
2005; Tammam et al., 2008). In this study, the proline concentration of both species 
increased with increasing SS and AS (Fig 3.10). It is common for proline to be correlated 
with stress tolerance (Ashraf and Foolad, 2007; Younis et al., 2009) but the significance of 
proline accumulation in osmotic adjustment is still being debated and varies according to the 
species (Rodriguez et al., 1997). Therefore, the role of proline on alkaline stress tolerance 
should be further investigated.  
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3.4.8 Total soluble sugar and starch 
Plants under stress conditions accumulated compatible solutes like total soluble sugar 
to adjust the osmotic stress (Jiménez-Bremont et al., 2006; Yang et al., 2007; Khadri et al., 
2007; Palma et al., 2009) and decreased starch content (Murakeozy et al., 2003). In this study, 
soluble sugar concentration increased significantly with increasing SS and AS. The increase 
in TSS concentration was greater under AS than under SS suggesting that AS might induce 
more severe stress and plants accumulated more TSS to adjust to osmotic shock (Fig. 3.11) 
On the other hand, decreased starch concentration might be related to the lower RWC, ΨLW 
and ultimately the reducing photosynthetic activities which yielded lower starch (Fig. 3.12).   
 
In conclusion, Proso millet showed more capability to survive under SS and AS 
conditions as compared to Foxtail millet based on almost all plant traits examined. The more 
tolerant ability of Proso millet under SS and AS conditions, especially more destructive 
alkaline conditions, might be related to its genetic ability and it should be emphasized to 
investigate this crop further on genetic aspects.  
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Fig. 3.1 Effect of SS and AS on the plant height of Foxtail millet and Proso millet. The 
values are the means (± S.E) of four replicates. 
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Fig. 3.2 Effect of SS and AS on the leaf area of Foxtail millet and Proso millet. The values 
are the means (± S.E) of four replicates.   
 
                       
 48 
                      Foxtail millet                                              Proso millet                 
0
0.5
1
1.5
2
0 50 75
Na concentration (mM)
D
ry
 w
ei
gh
t (
g 
pl
an
t-1
)
SS
AS
0
0.5
1
1.5
2
0 50 75
Na concentration (mM)
D
ry
 w
ei
gh
t (
g 
pl
an
t-1
)
 
Fig. 3.3 Effects of SS and AS on the plant dry weight of Foxtail millet and Proso millet. The 
values are the means (± S.E) of four replicates. 
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Fig. 3.4 Effects of SS and AS on the electrolyte leakage rate in the leaves of Foxtail millet 
and Proso millet. The values are the means (± S.E) of four replicates.    
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Fig. 3.5 Effects of SS and AS on the relative water content in the leaves of Foxtail millet and 
Proso millet. The values are the means (± S.E) of four replicates. 
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Fig. 3.6 Effects of SS and AS on the leaf water potential of Foxtail millet and Proso millet. 
The values are the means (± S.E) of four replicates. 
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Fig. 3.7 Effects of SS and AS on the total Chl (a+b) of Foxtail millet and Proso millet. The 
values are the means (± S.E) of four replicates. 
 
 
 
 
 
 
Table 3.1 Effects of SS and AS on the photosynthesis (Pn), stomatal conductance (gs), and 
transpiration rate (Tr) of Foxtail millet and Proso millet.  The values are means (± S.E) of 
three replicates. 
 
Genotypes Treatment groups 
Treatments 
(mM) 
Pn  gs Tr 
(µmol CO2 m-2 s-1) (mol m-2 s-1 )  (mmol m-2 s-1) 
Foxtail 
millet 
Control 0 23.15±0.70a 0.138±0.01a 3.28±0.21a 
SS 50 15.52±0.21
b 0.075±0.01b 2.00±0.04b 
75 7.06±1.30c 0.038±0.00c 0.97±0.08c 
AS 50 1.21±0.10
d 0.007±0.00d 0.19±0.08d 
75 0.11±0.01d 0.007±0.00d 0.17±0.01d 
Proso millet 
Control 0 20.23±2.98a 0.165±0.04a 2.87±0.45a 
SS 
50 16.05±0.07a 0.118±0.00ab 2.36±0.17ab 
75 9.35±0.10b 0.069±0.00bc 1.71±0.02bc 
AS 
50 5.91±0.33bc 0.057±0.00c 1.28±0.13cd 
75 3.24±0.11c 0.028±0.00c 0.68±0.12c 
In a column, values with the same letter are not significantly different, and that with different letters 
are significantly different at P<0.05 using Duncan test, values are means ±S.E (n=3). 
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Table 3.2 Effects of SS and AS on Na concentration (mg g-1 DW) in the leaves, stems and 
roots of Foxtail millet and Proso millet. The values are the means (± S.E) of four replicates. 
 
Genotypes Treatment groups 
Treatments 
(mM) 
Na 
Leaves Stems Roots 
Foxtail millet 
Control 0 0.083±0.02d 1.17±0.13e 4.43±0.41d 
SS 50 5.14±0.47
c 13.34±0.12d 15.16±0.31b 
75 14.95±1.82b 19.00±1.04c 17.76±0.45a 
AS 50 21.17±0.53
a 22.34±0.52b 9.05±0.24c 
75 23.55±0.80a 25.96±0.68a 10.36±0.25c 
Proso millet 
Control 0 0.42±0.06c 0.89±0.14d 5.83±0.70d 
SS 
50 2.05±0.03b 5.21±0.28c 12.21±0.37c 
75 4.57±0.39a 10.54±0.87a 16.03±0.14a 
AS 
50 3.06±0.19b 7.74±0.47b 14.19±0.44bc 
75 5.15±0.19a 10.01±0.67a 15.27±0.28ab 
In a column, values with the same letter are not significantly different, and that with different letters 
are significantly different at P<0.05 using Duncan test, values are means ±S.E (n=4). 
 
 
 
 
Table 3.3 Effects of SS and AS on Na accumulation (mg plant-1) in the leaves, stems and 
roots of Foxtail millet and Proso millet. The values are the means of four replicates. 
 
Genotypes Treatment groups  
Treatments     
(mM) 
Na  
Leaves Stems Roots Total 
Foxtail millet 
Control 0 0.05 1.05 1.74 2.85 
(2) (37) (61) (100) 
SS 
50 2.30 8.97 3.42 14.69 
(16) (61) (23) (100) 
75 6.12 9.98 3.41 19.51 
(31) (51) (18) (100) 
AS 
50 9.19 10.88 1.21 21.28 
(43) (51) (6) (100) 
75 7.88 11.39 1.38 20.65 
(38) (55) (7) (100) 
Proso millet 
Control 0 0.08 0.48 0.46 1.02 
(8) (47) (45) (100) 
SS 
50 0.39 2.17 0.60 3.16 
(12) (69) (19) (100) 
75 0.75 4.07 0.75 5.57 
(14) (73) (13) (100) 
AS 
50 0.42 2.81 0.56 3.79 
(11) (74) (15) (100) 
75 0.51 3.20 0.60 4.30 
(12) (74) (14) (100) 
  ( ): Na partitioning as percentage in leaves, stems and roots.  
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Table 3.4 Effects of SS and AS on K concentration (mg g-1 DW) in the leaves, stems and 
roots of Foxtail millet and Proso millet. The values are the means (± S.E) of four replicates. 
 
Genotypes Treatment groups 
Treatments 
(mM) 
K 
Leaves Stems Roots 
Foxtail millet 
Control 0 29.51±0.24b 32.17±0.15a 4.73±0.31a 
SS 
50 33.88±0.23a 31.66±0.76a 3.42±o.13b 
75 33.98±0.34a 31.38±1.19a 3.37±0.19b 
AS 50 26.36±0.90
c 25.17±0.79c 1.36±0.06c 
75 27.84±1.03bc 25.17±1.34b 1.29±0.01c 
Proso millet 
Control 0 14.08±0.24b 21.39±0.72b 7.59±0.78a 
SS 
50 18.87±0.27a 24.24±0.11a 7.32±0.35a 
75 19.63±0.32a 25.17±0.91a 7.07±0.22a 
AS 
50 19.26±0.30a 20.43±0.56bc 4.14±0.17b 
75 19.20±0.67a 19.29±0.33c 3.53±0.14b 
In a column, values with the same letter are not significantly different, and that with different letters 
are significantly different at P<0.05 using Duncan test, values are means ±S.E (n=4). 
 
 
 
 
 
Table 3.5 Effects of SS and AS on K accumulation (mg plant-1) in the leaves, stems and roots 
of Foxtail millet and Proso millet. The values are the means of four replicates. 
 
Genotypes Treatment groups  
Treatments     
(mM) 
K  
Leaves Stems Roots Total 
Foxtail 
millet 
Control 0 18.91 29.01 1.86 49.77 
(38) (58) (4) (100) 
SS 
50 15.16 21.29 0.77 37.22 
(41) (57) (2) (100) 
75 13.91 16.49 0.65 31.05 
(45) (53) (2) (100) 
AS 
50 11.44 12.26 0.18 23.88 
(48) (51) (1) (100) 
75 9.32 11.04 0.17 20.53 
(45) (54) (1) (100) 
Proso millet 
Control 0 2.80 11.55 0.60 14.95 
(19) (77) (4) (100) 
SS 
50 3.58 10.10 0.36 14.04 
(25) (72) (3) (100) 
75 3.24 9.71 0.33 13.28 
(249 (73) (2) (100) 
AS 
50 2.65 7.42 0.16 10.23 
(26) (72) (2) (100) 
75 1.91 6.16 0.14 8.21 
(23) (75) (2) (100) 
         ( ): K partitioning as percentage in leaves, stems and roots.  
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Table 3.6 Effects of SS and AS on Na / K in the leaves, stems and roots of Foxtail millet and 
Proso millet. The values are means of four replicates. 
 
Genotypes Treatment groups 
Treatments 
(mM) 
Na / K 
Leaves Stems Roots 
Foxtail millet 
Control 0 0.003 0.04 0.94 
SS 
50 0.15 0.42 4.44 
75 0.44 0.61 5.27 
AS 50 0.83 0.89 6.65 
75 0.95 1.12 8.03 
Proso millet 
Control 0 0.03 0.04 0.82 
SS 50 0.11 0.22 1.67 
75 0.23 0.42 2.09 
AS 
50 0.16 0.38 3.43 
75 0.34 0.52 4.33 
 
 
 
 
 
 
Table 3.7 Effects of SS and AS on Ca concentration (mg g-1 DW) in the leaves, stems and 
roots of Foxtail millet and Proso millet. The values are means (± S.E) of four replicates. 
 
Genotypes Treatment groups 
Treatments 
(mM) 
Ca 
Leaves Stems Roots 
Foxtail millet 
Control 0 1.75±0.03a 0.39±0.03a 0.48±0.02b 
SS 
50 1.55±0.05b 0.33±0.02b 0.61±0.03a 
75 1.35±0.09bc 0.41±0.02a 0.46±0.03b 
AS 
50 1.36±0.09bc 0.15±0.04b 0.46±0.03b 
75 1.29±0.06c 0.41±0.02a 0.29±0.05c 
Proso millet 
Control 0 1.00±0.01a 0.38±0.01a 0.92±0.04a 
SS 50 0.98±0.06
a 0.36±0.01ab 0.78±0.02b 
75 0.89±0.03a 0.32±0.03b 0.69±0.03c 
AS 50 0.70±0.05
b 0.33±0.01ab 0.81±0.01b 
75 0.68±0.03d 0.22±0.01c 0.60±0.01d 
In a column, values with the same letter are not significantly different, and that with different letters 
are significantly different at P<0.05 using Duncan test, values are means ±S.E (n=4). 
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Table 3.8 Effects of SS and AS on Ca accumulation (mg plant-1) in the leaves, stems and 
roots of Foxtail millet and Proso millet. The values are means of four replicates. 
 
Genotypes Treatment groups  
Treatments     
(mM) 
Ca 
Leaves Stems Roots Total 
Foxtail 
millet 
Control 0 (%) 
1.12 0.35 0.19 1.66 
(68) (21) (11) (100) 
SS 
50 0.69 0.22 0.14 1.05 
(66) (21) (13) (100) 
75 
0.55 0.22 0.09 0.86 
(65) (25) (10) (100) 
AS 
50 0.59 0.07 0.06 0.72 
(81) (10) (9) (100) 
75 0.43 0.18 0.04 0.65 
(66) (28) (6) (100) 
Proso millet 
Control 0 0.20 0.21 0.07 0.48 
(42) (43) (15) (100) 
SS 
50 0.19 0.15 0.04 0.37 
(50) (40) (10) (100) 
75 
0.15 0.12 0.03 0.30 
(48) (41) (11) (100) 
AS 
50 0.10 0.12 0.03 0.25 
(39) (48) (13) (100) 
75 0.07 0.07 0.02 0.16 
(42) (44) (14) (100) 
         ( ): Ca partitioning as percentage in leaves, stems and roots. 
 
 
 
Table 3.9 Effects of SS and AS on Mg concentration (mg g-1 DW) in the leaves, stems and 
roots of Foxtail millet and Proso millet. The values are means (± S.E) of four replicates. 
 
Genotypes Treatment groups 
Treatments 
(mM) 
Mg 
Leaves Stems Roots 
Foxtail millet 
Control 0 2.32±0.03a 1.33±0.02b 0.50±0.01a 
SS 
50 2.09±0.02ab 1.49±0.01a 0.55±0.02a 
75 2.07±0.02ab 1.46±0.04a 0.51±0.03a 
AS 
50 1.97±0.13b 1.14±0.03c 0.35±0.01b 
75 1.95±0.07b 1.06±0.01c 0.29±0.00b 
Proso millet 
Control 0 3.71±0.15a 0.98±0.01a 2.18±0.07a 
SS 50 3.57±0.03
ab 0.96±0.05a 2.03±0.01b 
75 3.30±0.12b 0.90±0.03ab 1.89±0.02b 
AS 50 2.71±0.12
c 0.63±0.02c 1.62±0.05c 
75 2.66±0.09d 0.83±0.05b 1.50±0.05c 
In a column, values with the same letter are not significantly different, and that with different letters 
are significantly different at P<0.05 using Duncan test, values are means ±S.E (n=4). 
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Table 3.10 Effects of SS and AS on Mg accumulation (mg plant-1) in the leaves, stems and 
roots of Foxtail millet and Proso millet. The values are means of four replicates. 
 
Genotypes Treatment groups  
Treatments     
(mM) 
Mg 
Leaves Stems Roots Total 
Foxtail 
millet 
Control 0 (%) 
1.49 1.20 0.20 2.88 
(52) (41) (7) (100) 
SS 
50 0.94 1.00 0.12 2.06 
(45) (49) (6) (100) 
75 0.85 0.77 0.10 1.71 
(49) (45) (6) (100) 
AS 
50 0.85 0.56 0.05 1.46 
(59) (38) (3) (100) 
75 0.65 0.46 0.04 1.16 
(57) (40) (3) (100) 
Proso millet 
Control 0 0.74 0.53 0.17 1.44 
(51) (37) (12) (100) 
SS 
50 0.68 0.40 0.10 1.18 
(58) (34) (8) (100) 
75 0.54 0.35 0.09 0.98 
(56) (35) (9) (100) 
AS 
50 0.37 0.23 0.06 0.67 
(56) (34) (10) (100) 
75 0.26 0.27 0.06 0.59 
(45) (45) (10) (100) 
         ( ): Mg partitioning as percentage in leaves, stems and roots. 
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Fig. 3.8 Effects of SS and AS on the total nitrogen concentration in the leaves of Foxtail 
millet and Proso millet. The values are the means (± S.E) of four replicates. 
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Fig. 3.9 Effects of SS and AS on the total nitrogen concentration in the roots of Foxtail millet 
and Proso millet. The values are the means (± S.E) of four replicates. 
 
 
Table 3.11 Effects of SS and AS on N accumulation (mg plant-1) in the leaves and roots of 
Foxtail millet and Proso millet. The values are means of four replicates. 
 
Genotypes Treatment groups  
Treatments     
(mM) 
N 
Leaves Roots Total 
Foxtail 
millet 
Control 0 10.05 3.93 13.99 
(72) (28) (100) 
SS 
50 
5.21 1.75 6.96 
(75) (25) (100) 
75 
4.29 1.25 5.54 
(77) (23) (100) 
AS 
50 
3.66 0.83 4.49 
(82) (18) (100) 
75 
2.68 0.76 3.45 
(78) (22) (100) 
Proso millet 
Control 0 2.57 0.63 3.20 
(80) (20) (100) 
SS 
50 
2.24 0.35 2.59 
(87) (13) (100) 
75 
1.59 0.32 1.91 
(83) (17) (100) 
AS 
50 
1.24 0.24 1.48 
(84) (16) (100) 
75 
0.74 0.23 0.97 
(77) (23) (100) 
            ( ): N partitioning as percentage in leaves and roots. 
 57 
                      Foxtail millet                                            Proso millet                 
0
20
40
60
80
100
120
0 50 75
Na concentration (mM)
P
ro
lin
e 
co
nc
en
tra
tio
n 
(µ
m
ol
 g
-1
 D
W
) SS
AS
0
20
40
60
80
100
120
0 50 75
Na concentration (mM)
P
ro
lin
ec
on
ce
nt
ra
tio
n 
(µ
m
ol
 g
-1
 D
W
)
 
Fig. 3.10 Effects of SS and AS on the proline concentration in the leaves of Foxtail millet and 
Proso millet. The values are the means (± S.E) of four replicates. 
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Fig. 3.11 Effects of SS and AS on the sugar concentration in the leaves of Foxtail millet and 
Proso millet. The values are the means (± S.E) of four replicates. 
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Fig. 3.12 Effects of SS and AS on the starch concentration in the leaves of Foxtail millet and 
Proso millet. The values are the means (± S.E) of four replicates. 
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CHAPTER 4 
 
EFFECTS OF EXOGENOUS APPLICATION OF CITRIC ACID AND 
PROLINE TO FOXTAIL MILLET AND ANALYSIS OF STRESS 
TOLERANCE FACTORS UNDER SALINE AND ALKALINE 
CONDITIONS 
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4.1 INTRODUCTION 
Arable lands are subjected to salinization and alkalinization day by day in a alarming 
rate. Increasing food demand from the fast growing human population reminds us to 
ameliorate the harmful effects of salinity and alkalinity on agricultural lands by using various 
strategies. Most of the crop species are glycophytes which generally show limited growth and 
development under saline and alkaline conditions. High salinity and alkalinity cause 
reduction of plant growth, enhancement of soluble sugars, organic acids and proline in many 
glycophytic crops like wheat (Guo et al., 2009), Lathyrus quinquenervius (Zhang and Mu, 
2009), barley (Yang et al., 2009a) and sunflower (Liu et al., 2010). Glycophytic species 
employ different strategies to withstand saline and alkaline stress. The increase in salt 
resistance may involve protection of cell and organelle membranes (Mansour and Salama, 
2004) and the accumulation of some protector components (Mansour, 2000).  
 
Plants are generally characterized by a high degree of homeostatic plasticity in 
response to environmental stresses, thereby optimizing growth and development in a way that 
maximizes their opportunities for survival and reproduction. The higher plants have evolved 
a number of adaptive strategies to overcome such abiotic stresses (Tester and Davenport, 
2003; Bartels and Sunkar, 2005). The most common type of osmotic adjustment in plant cells 
involves the accumulation of compatible solutes and exudation of organic acids in cytoplasm 
(Rhodes and Hanson, 1993). Compatible solutes and organic acids which are commonly 
employed as osmoprotectants can lower the osmotic potential for cells without interfering 
with the metabolic processes or protein structuring and functioning and, consequently, 
maintain the water content of the cells under stresses (Yancey et al., 1982). Proline and citric 
acid (CA) may act as modulators by suppressing or enhancing the stress responses of plants 
(Sun and Hong, 2010a,b).  
 61 
Proline is a well-known compatible solute which plays a pivotal role in osmotic 
adjustment in plants by helping to maintain sufficient cell turgor for growth (Nanjo et al., 
1999). Exogenous proline is known to mitigate the detrimental effects of Na and improve 
growth and survival under various stresses (Okuma et al., 2004; Sun and Hong, 2010b). It is 
reported that proline acts as free radical scavengers and / or enzyme protectant (Okuma et al., 
2002; Hoque et al., 2007). It is also reported that proline protects higher plants against salt / 
osmotic stresses, not only by adjusting osmotic pressure (Chinnusamy et al., 2005; Vinocur 
and Altman, 2005), but also by stabilizing many functional units such as complex II electron 
transport (Hamilton and Heckathorn, 2001), membranes and proteins (McNeil et al., 1999; 
Yan et al., 2000) and enzymes (Makela et al., 2000). Until now, little information has been 
reported about proline-related stress defense mechanisms that help to maintain plant growth 
and antioxidant enzyme activities under alkaline conditions. 
 
Citric acid is an important organic acid for plant growth and has apparent 
relationships with stress tolerance. Metabolism and accumulation of CA increased under salt 
stress in alfalfa (Fougére et al., 1991); under alkali stress in Puccinellia tenuiflora (Guo et al., 
2010), in rice (Wang et el., 2011), in sea buckthorn (Chen et al., 2009), and under drought 
stress in cotton plants (Timpa et al., 1986). Phosphorus fixation and its precipitation as 
insoluble compounds are considered to be one of the major constraints to crop production in 
alkaline soils. Organic acid can manipulate the availability of P either indirectly through 
promoting the growth of microorganisms and the subsequent mineralization of organic P 
(Richardson, 1994), or directly by inducing shifts in rhizosphere pH, shifting chemical 
equilibrium in soil solution and inducing the dissolution of sparingly soluble P minerals 
(Hocking, 2001). The effectiveness of organic acids to mobilize soil P depends on the 
number of its carboxyl groups they possess and tends to follow the series tricarboxylic > 
 62 
dicarboxylic > monocarboxylic acid (Jones, 1998). CA contains three carboxylic groups and 
varying negative charges which favors for uptake of nutrients and detoxification of metals 
(Al, Fe etc.) (Jones, 1998). However, no study has yet examined the relationship of CA and 
stress tolerance in glycophytic crops under saline and alkaline conditions. On the other hand, 
there are some lines of evidence that exogenous application of CA alleviated the inhibitory 
effect of toxic Al on root extension in cotton (Hue et al., 1986) and shoot growth in corn 
(Bartlett and Riego, 1972). Recently Sun and Hong (2010a) reported that exogenous CA can 
mitigate the saline and alkaline stress in halophytes (Leymus chinensis Trin.) like proline. 
However, to the best of my knowledge no evidence exists regarding the exogenous 
application of CA to the stress tolerance of glycophytic crops under SS and AS conditions. 
 
It has been reported in the previous chapters that Foxtail millet is comparatively more 
sensitive than Proso millet under saline and alkaline conditions, especially in alkaline 
condition. However, no study has yet been examined the ameliorating effects of exogenous 
proline and CA on plant growth and metabolism under saline and alkaline conditions. 
Therefore, the present study was conducted to investigate the effects of exogenous 
application of CA and proline on the growth, membrane stability, water status, 
photosynthetic apparatus, minerals composition, organic metabolites of Foxtail millet plant 
under saline and alkaline conditions. 
 
4.2 MATERIALS AND METHODS 
4.2.1 Plant material and culture conditions  
Seeds of Foxtail millet (Setaria italica L. cv: BARI kaun-3) were surface-sterilized 
with 5% thiophanate-methyl for 5 min and air-dried. Seeds were sown into 1 L plastic pots 
containing a soil mixture of granite regosol soil and perlite (2:1 v/v). After germination, 6 
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uniform seedlings were kept at equal distances in each pot. Pots were maintained under 
greenhouse conditions. Plants were irrigated with nutrient solution at each watering using an 
irrigation system.  The basal nutrient solution contained 8.3 mM NO3-N, 0.8 mM NH4-N, 0.5 
mM P2O5, 2.2 mM K2O, 0.7 mM MgO, 2.1 mM CaO, 11 μM MnO, 5 μM B2O3 and 13 μM 
Fe.  To simulate saline stress (SS) and alkaline stress (AS) conditions in nature, two stress 
treatments were applied: neutral salts of NaCl and Na2SO4 (9:1 molar ratio) and alkaline salts 
of NaHCO3 and Na2CO3 (9:1 molar ratio). At six weeks after sowing, plants were subjected 
to stresses every day until water was drained-out from the bottom of the pot. Before applying 
75 mM SS and 50 mM AS stresses, plants were subjected to SS and AS of 25, and 50 mM 
concentrations every 3 d alternatively for the hardening of plants.  
 
4.2.2 Application of exogenous CA and proline treatments  
Two levels of citric acids (Citric Acid Monohydrates), CA1 and CA2, and proline (L-
Proline) at the rate of 0.25 (CA1), 0.5 (CA2) and 0.5 mM, respectively, were applied with the 
SS and AS solutions on alternate days. The pH and EC (S m-1) of saline solutions were 
6.4~6.5 and 1.0~1.2 and those of alkaline solution were 9.0~9.1 and 0.850~0.900, 
respectively. Each treatment was applied to four replicates located randomly in the 
greenhouse in order to avoid positional effects.  
 
4.2.3 Plant sampling and measurements 
Plants in each pot were sampled and separated into the leaves, stems (culms) and 
roots before the application of treatments and at 14 d after treatment initiation. The separated 
segments were wiped with tissue towel paper to remove moisture and their fresh weights 
were measured. The fresh samples were kept frozen in liquid nitrogen, then freeze-dried and 
their dry weight measured. Dry samples were ground into fine powder using a vibrating 
sample mill (Model TI-100, Heiko Seisakusho Ltd., Tokyo, Japan) for chemical analysis. 
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Leaf samples were taken in triplicate from a composite pool of physiologically matured 
leaves. The leaf area was measured using a leaf area meter (AMM-5 type leaf area meter, 
Hayashi-Denko, Tokyo, Japan) and the leaves were oven-dried at 80°C for 72 h and the dry 
weight was determined. The leaf area ratio was calculated as the total leaf area per unit leaf 
dry mass. The RWC of the leaf was estimated according to the method of Saneoka et al. 
(1995). The Na and K concentrations were determined after digestion by nitric acid–
hydrogen peroxide using a flame photometer (ANA 135, Eiko Instruments Inc., Tokyo, 
Japan). The Ca, Mg and Fe concentrations were determined using an atomic absorption 
spectrophotometer (U-3310 Hitachi Co. Ltd., Tokyo, Japan). Aliquots of the fresh plant 
materials (0.5 g) were randomly sampled to determine Chl concentrations in acetone (80%) 
extracts spectrophotometrically as described by Zhu (1993). Proline was determined 
spectrophotometrically following the ninhydrin method described by Bates et al. (1973) 
using L-proline as a standard. CA was measured with the enzymatic bioanalysis method using 
spectrophotometer followed by Mollering and Gruber (1966). The total N concentration was 
determined using a Kjeldahl nitrogen digester and distillator (Kjeldatherm Type TT100 & 
Vapodset Type 20, Gerhardt, Germany). Phosphorus was determined spectrophotometrically 
following the molybdenum reaction solution described by Chen et al. (1956). 
 
4.2.4 Measurement of leaf water potential and photosynthetic rate 
    The leaf ΨLW was measured according to the method described by Saneoka et al. 
(1995) using the uppermost fully expanded leaf employing a pressure chamber (Daiki-Rika 
Instruments, Tokyo, Japan) at 14 d after the initiation of the salt treatment. The Pn, gs and Tr 
of the third uppermost fully expanded leaves from the top of the plants were determined by 
using a portable open gas exchange system (LI-6400P model, Li-Cor, Inc., Lincoln, NE, 
USA). The photosynthetic photon flux density was maintained at 1,000 μmol m-2 s-1. The 
 65 
temperature of the leaf was 25oC and the ambient CO2 concentration of the measurement 
chamber was 380 μL L-1 when measurements were taken. 
 
4.2.5 Membrane permeability 
Membrane permeability can be expressed by electrolyte leakage rate (ELR) which 
was measured with the method described by Lutts et al. (1996). Fresh leaves (1 g) were cut 
into pieces of 5-mm length and equally placed into test vials containing 30 ml deionized 
water. The vials were incubated at 25oC on a rotary shaker for 12 h, and then the initial 
electrical conductivity (EC1) was measured using a DDS-11C conductivity meter (Hongyi 
Company, Shanghai, China). Then the vials were autoclaved at 120oC for 20 min to release 
all electrolytes and finally cooled to 25oC for the measurement of the electrical conductivity 
(EC2). ELR can be defined as follows: 
   ELR (%) = EC1 / EC2 X 100 
 
4.2.6 Determination of sugar and starch content 
The soluble sugars were extracted by boiling 50 mg of dry powdered plant material 
with 10 ml of 80% ethanol at 80oC for 20 mins. A clear extract was obtained by 
centrifugation at 3000 rpm for 5 min and collected into a 50 ml beaker. This step was 
repeated twice and the collected supernatant was heated at 80oC to remove ethanol. Then the 
residues were kept in a 50 ml volumetric flask and made up with distilled water and the 
aliquot was taken for the estimation of the content of soluble sugar with the anthrone reagent 
by spectrophotometer (U-2001, Hitachi, Japan) using D-glucose solution as a standard 
according to the method of Yemm and Willis (1954). The residues after ethanolic extraction 
were dissolved in perchloric acid (9.2 and 4.6 N) and the supernatant collected into a 100 ml 
volumetric flask and made up with distilled water. The aliquot was taken for the estimation 
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of the content of starch with the anthrone reagent by spectrophotometer (U-2001, Hitachi, 
Japan) using D-glucose solution as a standard. 
 
4.2.7 Statistical analysis.  
Data were examined using one-way ANOVA and presented as the mean ± S.E. for 
each treatment and species (n=4). Multiple comparisons of means of data among different 
saline and alkaline treatments within the plants were performed using Duncan’s test at the 
0.05 significance level (all tests were performed with SPSS Version 16.0 for Windows). 
 
4.3 RESULTS 
4.3.1 Plant growth  
Plant growth was evaluated using the height and leaf area and a significant difference 
in plant height was observed among the SS and AS treated plants and untreated plants (Fig. 
4.1). The plant height increased remarkably and consistent with the control plants with the 
exogenous application of CA1, CA2 and proline increased under SS conditions and CA1 and 
CA2 under AS conditions. SS and AS treatments significantly reduced the leaf area and dry 
weight as compared to unstressed plants with the reduction more in SS than in AS plants. The 
use of exogenous CA and proline a little bit reversed the reduced leaf area in all cases (Fig. 
4.2). Plant dry weight under SS and AS decreased 42 and 47% (relative to the control), 
respectively (Fig. 4.3). However, due to the addition of exogenous CA1, CA2 and proline the 
reduction in SS plants were 28, 23 and 30%, and in AS plants 34, 33 and 40%, respectively.  
The role of CAs in affecting plant growth is a little bit more significant than proline. 
 
4.3.2 Electrolyte leakage rate (ELR) 
The ELR is a good strain index as it reflects the degree of plant injury as a result of 
environmental stresses. It substantially increases in the leaves of SS and AS treated plants as 
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compared to unstressed plants and the injury can be more severe in AS plants than in SS 
plants (Fig. 4.4). Application of CAs and proline significantly reduced the injury in the 
stressed plants and the rate of reduction was greater in AS condition, and CA is better than 
proline in maintaining membrane permeability under both conditions.    
 
4.3.3 Water status 
Relative water content (RWC)  
The RWC in the leaves exposed to SS and AS conditions decreased significantly and 
the rate of reductions under AS conditions was greater than those under SS (Fig. 4.5). 
However, the uses of CA and proline have significantly increased the RWC in the leaves of 
SS and AS plants and the rate of increment were greater in SS than in AS plants. Nonetheless, 
no statistical differences were observed among the treatments but the effectiveness of 
containing the water in the leaf cells was higher in CA treated plants, while proline was less 
effective under AS condition. 
Leaf water potential  
The stress treatments caused a significant reduction of the ΨLW in the plants and the 
extent of the reductions under AS was greater (2.6-fold) than that under SS (1.6-fold) (Fig. 
4.6). However, CA and proline addition led to significant improvement that were almost 
equal between SS (24~26%) and AS (17~26%) conditions. There was no significant 
difference among the treatments of CA1, CA2 and proline under both SS and AS conditions. 
Proline was a less responsive treatment under AS condition where it did not induce a 
significant increase as it did to SS plants.  
 
4.3.4 Chlorophylls and gas exchange characters 
Under stressful conditions, the plants undergo a rapid and significant effect on the 
chlorophyll concentration and gas exchange characteristics (Pn, gs and Tr) as compared to 
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the unstressed plants while the damaging effects were more severe in AS than in SS plants 
(Tables 4.1 and 4.2). The addition of CA and proline significantly relieved the effects of 
saline stress based on these parameters. The role of proline was less effective under AS 
condition. No remarkable differences were observed between CA1 and CA2 in all traits 
examined.  
 
4.3.5 Ionic status 
Sodium  
Na concentrations in the leaves, stems and roots increased significantly with the 
intensification of stresses, and the increases under the AS condition were significantly greater 
than those under SS in all plant segments with the exception of the roots, which contained a 
significantly higher concentration of Na (two times more) under the SS condition (Table 4.3). 
SS plants transported a lesser amount of accumulated Na (32%) from roots to leaves, 
contrary to AS plants which were unable to retain the Na that it transported greater amount 
(43%) from roots to leaves (Table 4.4). However, exogenous application of CA and proline 
effectively reduced the Na concentrations in all plant segments and proline was less effective 
in the leaves and stems under SS and in the roots under AS conditions. CA and proline 
reduced the Na accumulation in the leaves (Table 4.4). 
Potassium  
AS caused a significant decrease in the K concentration in all plant segments and a 
similar trend was observed only in the roots of SS plants. The shoots (leaves and stems) 
achieved greater concentration of K than roots under both stress conditions and significantly 
lower concentrations of K were observed in all plant parts under AS compared to those under 
SS (Table 4.5). However, the use of CA and proline slightly increased K concentration in the 
leaves and roots under AS conditions and significant increase was observed in the roots of SS 
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plants. K uptake by the roots was also increased with the exogenous application of CA and 
proline (Table 4.6). 
Na / K ratio 
The ratio of Na ⁄ K increased under both stresses and it was greater under AS 
compared to SS in all plant parts (Table 4.7). Compared with the untreated stressed plants, 
the use of CAs and proline decreased the ratio in all cases except for the stem of SS plants 
treated with proline.  
Calcium  
Calcium concentration was reduced significantly in the leaves and stems by AS, and 
in the stems by SS (Table 4.8). The leaves contained a higher concentration than the stems 
and roots under both stresses. However, application of CA and proline led to increase Ca 
concentration in all plant parts and a remarkable increase was observed in the leaves and 
roots (except proline) of SS treated plants and in the stems and roots (except CA1) of AS 
treated plants (Table 4.8). Ca accumulation in the roots and stems was also increased by the 
application of CA and proline under AS conditions (Table 4.9). 
Magnesium 
SS and AS reduced the Mg concentration in all plant segments but a remarkable 
reduction was observed only in the stems of alkaline stressed plants (Table 4.10). The 
application of CA significantly enhanced Mg concentration in all plant parts under SS 
condition and CA1 treated stems under AS condition. 
Iron 
SS and AS remarkably decreased Fe concentration in all plant parts, and the decrease 
was greater under AS than that of SS condition (Table 4.12). However, exogenous CA and 
proline slightly increased Fe concentration in all plant parts and significant increase was 
observed in roots and leaves under SS and in roots and stems under AS conditions. Fe uptake 
increased a little bit in the leaves under SS and roots under AS conditions (Table 4.13). 
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4.3.6 Phosphorus  
Phosphorus (P) concentration in the leaves and roots of SS and AS plants decreased 
and the reduction was greater under AS than that of SS conditions (Table 4.14). However, the 
exogenous CA significantly increased P concentration in the leaves and roots under SS and in 
the roots under AS conditions. P accumulation in the stems and roots also increased in CA 
and proline treated plants under AS conditions (Table 4.15), and the relative influence of CA 
on P acquisition was higher than that of proline.  
 
4.3.7 Total nitrogen 
Total N concentrations were dropped as a result of exposure to the stresses relative to 
the controls and the relative reduction was higher in AS plants than in SS plants (Figs. 4.7). 
With exogenous application of CA and proline in stressed plants, the situation improved 
significantly, increased N concentration compared to those of stressful plants except in the 
leaves of SS plants (Fig. 4.7) where CA and proline induced a little but non-significant 
increase. N accumulation in the roots also increased due to application of CA and proline 
(Table 4.16). 
 
4.3.8 Citric acid 
Compared to unstressed leaves, internal citric acid concentration increased 
significantly under SS and AS conditions and the increase was remarkably higher in AS than 
in SS conditions (Fig. 4.8). However, the exogenous application of CA and proline in the AS 
plants significantly reduced internal CA concentration as compared to stressed (AS) plants. 
There was no remarkable decrease of internal CA concentration in salt stressed plants with 
the exogenous CA and proline application.  
 
4.3.9 Proline  
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Proline concentration in the leaves significantly increased under saline and alkaline 
conditions than in unstressed plants (Fig. 4.9). Exogenous application of CA1 and CA2 and 
proline significantly reduced the internal proline concentration in the leaves of both SS and 
AS treated plants. Exogenous proline significantly reduced internal proline concentration 
only in SS treated plants. There were no statistical differences among the different levels of 
CAs and proline under SS conditions but proline treated plants produced more internal 
proline (49.61 µmol g-1 DW) than CA1 and CA2 treated plants did (48.05 and 45.46 µmol g-1 
DW). Similar pattern of responses on the internal proline was also observed under AS 
conditions with the greater difference in the concentration between proline treated and CAs 
treated plants. No statistical difference was observed between stressed (control) and proline-
treated stressed plants.  
 
4.3.10 Total soluble sugar and starch  
The sugar and starch contents in the leaves were significantly influenced by SS and 
AS treatments (Fig. 4.10). The highest amount of sugar content was recorded in both stressful 
situations, and the application of CAs and proline was found to be effective in reducing the 
sugar content. No significant variation was observed among the treatments under SS 
condition but CA1 reduced the sugar content effectively under AS condition. SS and AS 
markedly reduced the starch content in the leaves and the application of exogenous CAs and 
proline effectively counteracted the stresses by producing a greater amount of starch; proline 
was markedly less effective than CAs in increasing starch concentration under AS condition 
(Fig. 4.11). 
 
 
4.4 DISCUSSION 
4.4.1 Plant growth 
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Plant height, leaf area and dry matter accumulation are ideal indicators of plant 
growth. In this study, dry matter accumulation and leaf area were inhibited under both SS and 
AS conditions, and the effects of alkalinity were more severe (Figs. 4.1, 4.2 and 4.3). This 
can be explained as SS generally involves osmotic stress and ion-induced injury, whereas 
alkalinity exerts the same stress mechanisms even in low concentration of AS. The added 
influence of high pH in the root zone further inhibits plant growth intensely. These results 
were in agreement with the previous studies reported by Munns (2002), James et al. (2002), 
Shi and Sheng (2005).  Many of the published data show high pH as a key factor in limiting 
plant growth and development under alkaline conditions (Yang et al., 2007, 2008a, c, 2009a). 
However, with the exogenous application of CA or proline, the height of the plants increased 
slightly under SS condition but increased significantly under AS condition, particularly in the 
case of CA2 treatment. The leaf area as well as dry matter of plants significantly increased 
with the addition of exogenous CA under both stresses. Sun and Hong (2010a) also reported 
the similar results in Leymus chinensis (Trin.) Tzvel., the Chinese lyme grass. 
 
4.4.2 Electrolyte leakage rate (ELR) 
Electrolyte leakage rate is an important plant traits to asses the tissue injury in plant 
under stress. Generally, intensifying stress causes increasing injury of plasma membranes 
thus leading to increasing ELR. The use of ELR to document the degree of stress injury to 
plants has been reported by many authors (Surjus and Durand, 1996; Li et al., 2010). The 
membrane permeability decreased with the intensification of SS and AS, and the severity of 
damage higher in AS plants (Fig. 4.4). AS also induced severe reductions in water content 
(Fig. 4.5), leaf water potential and a sharp increase in ELR indicating that high-pH from AS 
might have damaged root structure and functions as seen in reduced absorption of water (Fig. 
4.5) and leaf water potential (Fig. 4.6), which may have caused decreasing membrane 
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permeability. However, the addition of exogenous CA and proline to plants under SS and AS 
conditions significantly reduced the leakage rate (Fig. 4.4). Stress impaired membrane 
permeability (increasing electrolyte leakage rate) was alleviated by the application of proline 
and glycinebetaine as reported by Mansour (1998) and Gadallah (1999) and by the 
application of salicylic acid as reported by Stevens et al. (2006) and Tuna et al. (2007). Those 
solutes might provide protection against the destabilization of proteins and membranes. 
 
4.4.3 Water status 
Relative water content 
The reduced water content in the leaves of plants subjected to SS and AS improved 
with the application CAs and proline (Fig. 4.5) possibly due to the inhibition of water efflux 
through the effects of those solutes on the destabilization of membrane (Fig. 4.4) and reduced 
transpiration rate (Table 4.2). Nonetheless, those solutes may be involved in osmoregulation. 
Many authors reported that the reduced water content as a result of SS and AS can be 
alleviated with the addition of exogenous proline (Sun and Hong, 2010a, b), proline and 
glycinebetaine (Gadallah, 1999; Ahmed et al., 2010) and CA (Sun and Hong, 2010a). 
Leaf water potential  
The ΨLW sharply decreased under AS treatment as compared to SS treatment (Fig. 
4.6). The restoration of better plant water status and inhibition of Na accumulation under 
CAs and proline treatments revealed the capacity for osmotic adjustment, which allows the 
growth to continue under stress conditions. This result is in agreement with the previous 
studies of Huber (2003) and Ahmed et al. (2010). The gs and Tr are closely correlated with 
changes in water potential under salt stress (Koyro et al., 2006) and salt-alkali stress (Liu et 
al., 2010).  
 
4.4.4 Chlorphylls and gas exchange characters 
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SS and AS significantly reduced Pn compared to the control plants with AS causing a 
marked reduction of Pn as compared to SS conditions (Table 4.2). This phenomenon was 
also observed by many authors in both halophytes and glycophytes (Zhang and Mu, 2009; Li 
et al., 2010; Liu et al., 2010). The reduced plant Pn under stresses is generally considered a 
result of either reduced intracellular CO2 partial pressure caused by stomatal closure, (Bethke 
and Drew, 1992), reduced photosynthetic pigments (Koyro et al., 2006) or ion toxicities in 
the cytosol (James et al., 2006). This finding pointed that changes of gs and Tr under SS and 
AS (more effective) might be a response to decreased ΨLW (Fig. 4.6). However, this may also 
be related to physiological drought that was caused by the reduction of water uptake by 
plants (Fig. 4.5). High pH caused by alkaline conditions may seriously affect stomatal 
opening and closing, and gas exchange. Leaf area directly affects photosynthetic production 
(Yang et al., 2008b) thereby affecting growth and metabolism (Sheng et al., 1999). Improved 
photosynthesis in stressed plants by exogenous proline and CA application could be 
associated with an increase in gs along with Tr and chlorophyll concentrations (Tables 4.1 
and 4.2). No evidence was found in the case of CA effects on Pn as well as on gs and Tr but 
the capability to significantly improve Pn under stress conditions has been reported for other 
solutes such as proline (Lopéz-Climent et al., 2008; Ahmed et al., 2010), glycinebetaine 
(Yang and Lu, 2005; Dubey, 2005; Raza et al., 2006; Nawaz and Ashraf, 2010) and ascorbic 
acid (Khodary, 2004). The increased Pn in CA and proline treated stressed plants might also 
be related to increased photosynthetic pigments (Table 4.1). This is in agreement with the 
results of Athar and Ashraf (2005) and Lawlor and Cornic (2002). 
 
4.4.5 Ionic status 
The primary physiological response of plants to osmotic stress is to undergo osmotic 
adjustments by the accumulation of ions in the vacuole. The metabolism of Na+ and K+ is an 
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important component of salt stress (Cheeseman, 1988) and it is essential to maintain lower 
Na+ and higher K+ in the cytoplasm for enzymatic processes (Munns and Tester, 2008). 
Usually, Na+ increases and K+ decreases in salt stressed plants (de Lacerda et al., 2003). This 
result showed that Na concentration increased and K concentration decreased in all plant 
parts under SS (except in the leaves) and AS conditions (Tables 4.3 and 4.5), a phenomenon 
perhaps related to plasma membrane being destroyed more severely by alkaline stress, which 
was demonstrated here in the form of increased ELR (Fig. 4.4). However, stressed plants 
receiving CA and proline substantially reduced Na concentration in all plant parts compared 
to untreated stressed plants. This might be aided through decreased transpiration rate, causing 
fewer ions to be carried through the transpiration stream. Exogenous application of proline 
resulted in a decrease in Na+ and Cl- accumulations and an increase in growth in barley (Lone 
et al., 1987). On the other hand, K concentration was increased in the leaves and roots by the 
application of exogenous CA and proline probably due to the reduced competitive inhibition 
between Na and K. This is in agreement with Gadallah (1999) using vaba bean, Kumar and 
Sharma (1989) using Vigna radiata and Khanna (1998) using Raphanus seedlings.  
 
The lower Na / K ratio in plants has been considered a physiological trait indicator of 
salt tolerance in plants (Morsy et al., 2007). The results in this study conformed to those 
obtained by Chartzoulakis et al. (2002) and Kaya et al. (2007). The selectivity of low Na / K 
ratio in plants is an important control mechanism and a selection criterion for salt tolerance 
(Wenxue et al., 2003; Cuin et al., 2003). The reduced Ca, Mg and Fe concentrations due to 
SS and AS were revised by the exogenous CA and proline (Tables 4.8, 4.10 & 4.12). Rana 
and Rai (1996) showed that the exogenous proline promoted Ca uptake in Phaseolus 
seedlings. The CA efficiently mobilizes the di and tri-valent cations like Ca, Mg and Fe into 
soil solutions (Jones and Darrah, 1994). 
 76 
4.4.6 Phosphorus  
The reduced P concentration under SS and AS conditions was alleviated and 
increased by the addition of exogenous CA and proline and the relative influence of CA was 
higher than that of proline (Table 4.14). The CA has been hypothesized to be involved in the 
mobilization and solubilization of poorly soluble nutrients like P, reduced rhizosphere pH 
and increased activities of soil microbes which influenced the availability of P. This resul is 
in agreement with the previous studies of Micales (1997) and Jones et al. (2003). 
 
4.4.7 Total nitrogen 
Nitrogen is one of the most essential elements in all biological materials, playing an 
important role in the maintenance of intracellular ionic balance and osmotic adjustment when 
plants are under salt or alkali stress (Yang et al., 2007, 2008b, 2009a,b). Total N 
concentration is reduced more in AS than in SS plants. An explanation for this may be due to 
more concentration of Na under AS that competes with N in the form of NH4
+ (Fig. 4.7) 
resulting higher accumulation of N in the roots (Table 4.16). Proline activated the acquisition 
of N more than CA in the roots of SS plants. This is in agreement with Kumar et al. (1990) 
who reported that exogenous proline mitigated the antagonistic effects of Na+-NH4
+ / Cl--
NO3
-, and relaxed stresses and improved plant growth. 
 
4.4.8 Citric acid 
Plants induce intrinsic stress defense molecules such as organic materials to 
counteract environmental stresses (Shlizerman et al., 2007). In particular, the exudation of 
CA has been reported to be closely-related with alkaline stress (Timpa et al., 1986), high 
salinity (Fougére et al., 1991), aluminum poisoning (Ma and Furukawa, 2003), iron stress 
(Shlizerman et al., 2007). In this study, alkaline stressed plants increased CA concentration 
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prominently in the leaves. However, exogenous CA reduced the internal CA concentration by 
deducting stress damage effects (Fig. 4.9). 
 
4.4.9 Proline 
Biosynthesis of compatible solutes in the cytosol for osmotic adjustment is one of the 
primary physiological responses of plants under stress conditions. Accumulated proline under 
SS and AS is usually considered as an organic-compatible osmolyte, a protecting agent for 
the activity of intracellular macromolecules (Tang, 1989) and a nitrogen source for plant 
growth (Okuma et al., 2000). In this study, proline content increased under both stresses and 
it is more pronounced under lower level of AS (50 mM) than higher levels of SS (75 mM) 
(Fig. 4.10). This suggests that the induction of proline synthesis is related to the severity of 
the stress, which is induced by high pH. However, the use of exogenous CA and proline in 
SS and AS plants remarkably reduced the proline concentration. Exogenously-supplied 
proline provided osmoprotection (Csonka and Hanson, 1991; Yancey, 1994), protected cell 
membranes from salt-induced oxidative stress (Yan et al., 2000), increased activities of 
superoxide dismutase and peroxidase, (Hua and Guo, 2002), decreased Na+ and Cl − 
accumulations, and facilitated growth (Lone et al., 1987). 
 
4.4.10 Total soluble sugar and starch 
Total soluble sugar (TSS) concentration in the leaves significantly increased, on the 
other hand, starch concentration decreased under stressful situations. The increments and 
decreases of those solutes were greater under AS as compared to SS (Fig. 4.11). It is well 
documented that plants under osmotic stress conditions accumulate compatible solutes for 
osmotic adjustment. Plants grown under AS conditions faced more severe stress and 
produced more TSS than those under SS conditions. This result is in agreement with the 
studies of Jiménez-Bremont et al. (2006), Khadri et al. (2007) and Palma et al. (2009). 
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Stressed plants treated with CAs and proline revealed a significant reduction of elevated TSS 
by protecting enzymes and membranes thereby reducing stress (Okuma et al., 2000; El-
Tayeb, 2005). On the other hand, the decrease of starch concentration the stressed plants (Fig. 
4.11) might be related to the reduced photosynthetic activities. Similar results were also 
reported by Rathert (1985) and Murakeozy et al. (2003).  
 
Under SS and AS conditions plant growth arrested and decreased due to damaging 
root structure and functions (increased ELR), maintained lower water status (reduced RWC 
and ΨLW), inhibited metabolism and uptake of nutrients (reduced N, P, K, Ca, Mg and Fe), 
reduced Pn (by damaging chlorophylls and lower water) and unable to restrict toxic Na 
accumulation. However, the exogenous application of CA and proline remarkably improved 
all the aforementioned plant traits and maintained good plant growth. CA and proline contain 
more carboxylic groups and varying negative charges which favor the complexation of metal 
cations in solution and the displacement of anions from the soil matrix by the mobilisation 
and uptake of nutrients and the detoxification of metals, microbial proliferation in the 
rhizosphere, and the dissolution of soil minerals. CA also involves in energy production as 
intermediates in the tricarboxylic (TCA) cycle, balances cation charges or for maintaining 
osmotic potential, governs primarily C fixation. The role of CA in alleviating AS should be 
further investigated in other crops. 
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Fig. 4.1 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on plant height of 
Foxtail millet under SS and AS conditions. The values are the means (± S.E) of four 
replicates. 
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Fig. 4.2 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on the leaf area of 
Foxtail millet under SS and AS conditions. The values are the means (± S.E) of four 
replicates. 
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Fig. 4.3 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on the plant dry 
weight of Foxtail millet under SS and AS conditions. The values are the means (± S.E) of 
four replicates. 
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Fig. 4.4 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on the electrolyte 
leakage rate in the leaves of Foxtail millet under SS and AS conditions. The values are the 
means (± S.E) of four replicates. 
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Fig. 4.5 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on the relative water 
content in the leaves of Foxtail millet under SS and AS conditions. The values are the means 
(± S.E) of four replicates. 
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Fig. 4.6 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on leaf water 
potential of Foxtail millet under SS and AS conditions. The values are the means (± S.E) of 
four replicates. 
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Table 4.1 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on Chl a, Chl b, 
total Chl and Chl a/b ratio of Foxtail millet under SS and AS conditions. The values are the 
means (± S.E) of three replicates. 
 
Treatment 
groups Treatments 
Chlorophylls 
Chl a (mg g-1) Chl b (mg g-1) Total Chl Chl a/b 
Control  0.210±0.13abc 0.359±0.36a 0.569±0.45a 0.59±0.13d 
 SS 
SS 0.210±0.08abc 0.314±0.09b 0.524±0.72b 0.68±0.39cd 
SS+CA1 0.216±0.10ab 0.375±0.52a 0.591±0.53a 0.58±0.02d 
SS+CA2 0.223±1.53a 0.384±0.44a 0.607±0.38a 0.58±0.17d 
SS+Proline 0.209±4.15abc 0.372±0.27a 0.581±0.26a 0.56±0.01d 
 AS 
AS 0.068±0.24e 0.025±0.07e 0.093±0.30e 2.69±0.11a 
AS+CA1 0.182±0.86c 0.117±0.98c 0.299±1.74c 1.63±0.15c 
AS+CA2 0.189±1.19bc 0.108±0.74c 0.298±1.93c 1.76±0.05c 
AS+Proline 0.152±0.63d 0.077±0.35d 0.229±0.98d 2.00±0.07b 
In a column, values with the same letter are not significantly different, and those with different letters 
are significantly different at P<0.05 using Duncan test, values are means ±S.E (n=3). 
 
 
 
 
 
 
 
 
Table 4.2 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on photosynthesis 
(Pn), stomatal conductance (gs) and transpiration rate (Tr) of Foxtail millet under SS and AS 
conditions. The values are the means (± S.E) of three replicates. 
 
Treatment 
groups Treatments 
Pn  gs Tr 
(µmol CO2 m-2 s-1) (mol m-2 s-1 )  (mmol m-2 s-1) 
Control   23.15±0.70a 0.138±0.01a 3.28±0.21a 
SS 
SS 7.06±1.30c 0.038±0.00cd 0.97±0.08cd 
SS+CA1 12.78±1.71b 0.059±0.01b 1.45±0.24b 
SS+CA2 12.18±0.70b 0.061±0.00b 1.37±0.09bc 
SS+Pro 11.63±0.20b 0.051±0.00b 1.31±0.26bc 
AS 
AS 1.21±0.01e 0.007±0.00e 0.19±0.04e 
AS+CA1 3.68±0.40d 0.026±0.01d 0.46±0.06d 
AS+CA2 3.59±0.31d 0.025±0.00d 0.42±0.02d 
AS+Pro 2.89±0.38de 0.010±0.00e 0.26±0.04de 
In a column, values with the same letter are not significantly different, and those with different letters 
are significantly different at P<0.05 using Duncan test, values are means ±S.E (n=3). 
 83 
Table 4.3 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on Na 
concentration (mg g-1 DW) in the leaves, stems and roots of Foxtail millet under SS and AS 
conditions. 
 
Treatment 
groups Treatments 
Na 
Leaves Stems Roots 
Control   0.09±0.02g 1.17±0.13e 4.43±0.41e 
SS 
SS 14.95±1.83cd 19.00±1.03bc 17.62±0.43a 
SS+CA1 9.37±0.49f 15.75±0.89d 16.01±0.50b 
SS+CA2 10.16±1.09ef 15.79±1.16d 16.98±0.49ab 
SS+Pro 12.56±0.72de 17.38±0.72cd 15.78±0.61b 
AS 
AS 21.04±0.61a 22.59±0.38a 9.05±0.24c 
AS+CA1 17.63±0.97bc 19.72±0.64b 7.42±0.17d 
AS+CA2 18.26±0.54ab 19.92±0.33b 7.36±0.29d 
AS+Pro 17.42±1.34bc 20.12±0.60b 8.95±0.50c 
In a column, values with the same letter are not significantly different, and those with different 
letters are significantly different at P<0.05 using Duncan test, values are means ±S.E (n=4). 
 
 
 
 
 
Table 4.4 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on Na 
accumulation (mg plant-1) in the leaves, stems and roots of Foxtail millet under SS and AS 
conditions. 
 
Treatment 
groups Treatments 
Na 
Leaves Stems Roots Total 
Control   0.06 1.05 1.74 2.85 
 (2) (37) (61) (100) 
SS 
SS 6.12 9.98 3.38 19.48 
  (31) (51) (17) (100) 
SS+CA1 4.58 10.90 3.52 19.00 
  (24) (57) (19) (100) 
SS+CA2 5.26 11.17 4.42 20.85 
  (25) (54) (21) (100) 
SS+Proline 5.94 10.99 3.60 20.54 
  (29) (54) (18) (1009 
AS 
AS 9.18 10.95 1.28 21.42 
  (43) (51) (6) (100) 
AS+CA1 8.87 12.07 1.29 22.22 
  (40) (54) (6) (100) 
AS+CA2 9.05 11.94 1.25 22.24 
  (41) (54) (6) (100) 
AS+Proline  7.75 10.93 1.45 20.12 
  (39) (54) (7) (100) 
           ( ): Na partitioning as percentage in leaves, stems and roots. 
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Table 4.5 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on K concentration 
(mg g-1 DW) in the leaves, stems and roots of Foxtail millet under SS and AS conditions. 
 
Treatment 
groups Treatments 
K 
Leaves Stems Roots 
Control   29.51±0.46ab 32.17±0.15a 4.73±0.31a 
SS 
SS 33.98±0.34a 31.38±1.19a 3.37±0.19c 
SS+CA1 33.08±1.02a 30.86±0.86ab 4.14±0.32b 
SS+CA2 32.09±0.90a 28.51±1.20b 3.50±0.11c 
SS+Pro 31.97±0.58a 28.08±0.54b 3.38±0.10c 
AS 
AS 25.35±0.51c 25.24±0.79c 1.36±0.06d 
AS+CA1 26.85±0.90bc 24.12±0.25c 1.76±0.03d 
AS+CA2 26.74±1.03bc 24.15±1.18c 1.58±0.02d 
AS+Pro 26.36±0.34bc 24.57±1.38c 1.47±0.13d 
In a column, values with the same letter are not significantly different, and those with different letters 
are significantly different at P<0.05 using Duncan test, values are means ±S.E (n=4). 
 
 
 
 
 
Table 4.6 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on K accumulation 
(mg plant-1) in the leaves, stems and roots of Foxtail millet under SS and AS conditions. 
 
Treatment 
groups Treatments 
K 
Leaves Stems Roots Total 
Control   18.91 29.00 1.86 49.78 
 (38) (58) (4) (100) 
SS 
SS 13.91 16.49 0.65 31.05 
 (45) (53) (2) (100) 
SS+CA1 16.15 21.55 0.91 38.62 
 (42) (56) (2) (100) 
SS+CA2 16.63 20.16 0.91 37.71 
 (44) (53) (2) (100) 
SS+Proline 15.95 17.76 0.77 34.48 
 (46) (51) (2) (100) 
AS 
AS 11.44 12.23 0.18 23.85 
 (48) (51) (1) (100) 
AS+CA1 12.75 14.78 0.27 27.80 
 (46) (53) (1) (100) 
AS+CA2 13.43 14.45 0.25 28.14 
 (48) (51) (1) (100) 
AS+Proline 11.95 13.35 0.31 25.60 
 (47) (52) (1) (100) 
           ( ): K partitioning as percentage in leaves, stems and roots. 
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Table 4.7 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on Na / K ratio in 
the leaves, stems and roots of Foxtail millet under SS and AS conditions. 
 
Treatment 
groups Treatments 
Na / K 
Leaves Stems Roots 
Control   0.003 0.04 0.94 
SS 
SS 0.44 0.61 5.23 
SS+CA1 0.28 0.51 3.88 
SS+CA2 0.32 0.55 4.85 
SS+Pro 0.39 0.62 4.67 
AS 
AS 0.83 0.90 6.65 
AS+CA1 0.66 0.82 4.70 
AS+CA2 0.68 0.82 5.01 
AS+Pro 0.65 0.82 5.09 
 
 
 
 
 
 
  
 
 
 
 
 
 Table 4.8 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on Ca 
concentration (mg g-1 DW) in the leaves, stems and roots of Foxtail millet under SS and AS 
conditions. 
 
Treatment 
groups Treatments 
Ca 
Leaves Stems Roots 
Control   1.75±0.03ab 0.41±0.02a 0.48±0.02cd 
SS 
SS 1.35±0.09c 0.38±0.03ab 0.45±0.02d 
SS+CA1 1.94±0.09a 0.45±0.00a 0.59±0.02ab 
SS+CA2 1.85±0.11a 0.44±0.03a 0.57±0.03abc 
SS+Pro 1.79±0.03a 0.42±0.03a 0.46±0.07cd 
AS 
AS 1.36±0.09c 0.15±0.04d 0.46±0.03cd 
AS+CA1 1.45±0.03c 0.30±0.01c 0.56±0.01abc 
AS+CA2 1.54±0.07bc 0.33±0.02bc 0.64±0.03ab 
AS+Pro 1.41±0.09c 0.28±0.02c 0.68±0.04a 
In a column, values with the same letter are not significantly different, and those with different letters 
are significantly different at P<0.05 using Duncan test, values are means ±S.E (n=4). 
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Table 4.9 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on Ca 
accumulation (mg plant-1) in the leaves, stems and roots of Foxtail millet under SS and AS 
conditions. 
 
Treatment 
groups Treatments 
Ca 
Leaves Stems Roots Total 
Control   1.75 0.19 0.35 2.29 
 (77) (8) (15) (100) 
SS 
SS 1.35 0.09 0.21 1.66 
  (82) (5) (13) (100) 
SS+CA1 1.94 0.13 0.31 2.38 
  (81) (5) (13) (100) 
SS+CA2 1.85 0.15 0.31 2.31 
  (80) (6) (13) (100) 
SS+Proline 1.79 0.11 0.26 2.16 
  (83) (5) (12) (100) 
AS 
AS 1.36 0.06 0.07 1.49 
  (91) (4) (5) (100) 
AS+CA1 1.44 0.10 0.18 1.72 
  (84) (6) (11) (100) 
AS+CA2 1.54 0.11 0.19 1.85 
  (83) (6) (11) (100) 
AS+Proline  1.41 0.12 0.15 1.68 
  (84) (7) (9) (100) 
            ( ): Ca partitioning as percentage in leaves, stems and roots. 
 
 
Table 4.10 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on Mg 
concentration (mg g-1 DW) in the leaves, stems and roots of Foxtail millet under SS and AS 
conditions. 
 
Treatment 
groups Treatments 
Mg 
Leaves Stems Roots 
Control   2.32±0.09abc 1.33±0.02b 0.50±0.01bc 
SS 
SS 2.07±1.76bc 1.36±0.04b 0.49±0.02c 
SS+CA1 2.50±0.04a 1.54±0.04a 0.58±0.01a 
SS+CA2 2.48±1.81a 1.48±o.06a 0.56±0.02ab 
SS+Pro 2.40±3.93ab 1.47±0.03a 0.51±0.03bc 
AS 
AS 1.97±1.76c 1.14±0.03d 0.34±0.01cd 
AS+CA1 2.26±0.02abc 1.28±0.06bc 0.37±0.02c 
AS+CA2 2.30±0.38abc 1.19±0.03cd 0.35±0.01c 
AS+Pro 2.18±1.76abc 1.17±0.04cd 0.35±0.03c 
In a column, values with the same letter are not significantly different, and those with different letters 
are significantly different at P<0.05 using Duncan test, values are means ±S.E (n=4). 
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Table 4.11 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on Mg 
accumulation (mg plant-1) in the leaves, stems and roots of Foxtail millet under SS and AS 
conditions. 
 
Treatment 
groups Treatments 
Mg 
Leaves Stems Roots Total 
Control   
1.49 1.20 0.20 2.89 
(52) (42) (7) (100) 
SS 
SS 0.85 0.77 0.09 1.71 
(50) (45) (5) (100) 
SS+CA1 1.22 1.06 0.13 2.41 
(51) (44) (5) (100) 
SS+CA2 1.29 1.05 0.15 2.48 
(52) (42) (6) (100) 
SS+Proline 1.20 0.93 0.12 2.25 
(53) (42) (5) (100) 
AS 
AS 0.86 0.55 0.05 1.46 
(59) (38) (3) (100) 
AS+CA1 1.14 0.72 0.06 1.92 
(59) (38) (3) (100) 
AS+CA2 1.16 0.72 0.06 1.93 
(60) (37) (3) (100) 
AS+Proline 0.97 0.69 0.07 1.73 
(56) (40) (4) (100) 
           ( ): Mg partitioning as percentage in leaves, stems and roots. 
 
 
 
 
Table 4.12 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on Fe 
concentration (µg g-1 DW) in the leaves, stems and roots of Foxtail millet under SS and AS 
conditions. 
 
Treatment 
groups Treatments 
Fe 
Leaves Stems Roots 
Control   306.5±22.9a 206.9±13.1a 2824.0±0.1a 
SS 
SS 228.5±10.0cd 166.2±4.4bc 1948.4±0.1d 
SS+CA1 266.4±11.5bc 177.3±6.3bc 2197.3±22.8bc 
SS+CA2 267.0±11.5bc 177.6±11.4bc 2020.7±32.2cd 
SS+Pro 270.4±15.3ab 160.1±2.1bc 2005.2±1.4cd 
AS 
AS 214.1±7.8d 158.1±2.7cd 1827.5±24.9d 
AS+CA1 221.9±5.4d 173.6±10.2bc 1981.8±27.2cd 
AS+CA2 221.2±9.4d 187.2±4.7b 1954. 5±25.7d 
AS+Pro 236.3±10.8bcd 160.0±2.5bc 2248.2±18.8b 
In a column, values with the same letter are not significantly different, and that with different letters 
are significantly different at P<0.05 using Duncan test, values are means ±S.E (n=4). 
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Table 4.13 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on Fe 
accumulation (µg plant-1) in the leaves, stems and roots of Foxtail millet under SS and AS 
conditions. 
 
Treatment 
groups Treatments 
Fe 
Leaves Stems Roots Total 
Control  
196.4 186.6 1110.8 1493.7 
(13) (12) (74) (100) 
SS 
SS 93.5 87.3 373.7 554.6 
(17) (16) (67) (100) 
SS+CA1 130.1 122.7 483.7 736.5 
(18) (17) (66) (100) 
SS+CA2 138.4 125.6 526.4 790.4 
(18) (16) (67) (100) 
SS+Proline 134.9 101.2 457.8 693.9 
(19) (15) (66) (100) 
AS 
AS 92.9 76.6 244.8 414.3 
(22) (19) (59) (100) 
AS+CA1 111.6 106.2 343.3 561.0 
(20) (19) (61) (100) 
AS+CA2 111.1 108.6 331.6 551.3 
(20) (20) (60) (100) 
AS+Proline 105.1 86.9 395.3 587.3 
(18) (15) (67) (100) 
               ( ): Fe partitioning as percentage in leaves, stems and roots. 
 
 
 
Table 4.14 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on P 
concentration (mg g-1 DW) in the leaves, stems and roots of Foxtail millet under SS and AS 
conditions. 
 
Treatment 
groups Treatments 
P  
Leaves Stems Roots 
Control   1.75±0.04a 2.01±0.04a 0.98±0.04a 
SS 
SS 1.46±0.01c 1.84±0.05ab 0.87±0.03b 
SS+CA1 1.60±0.04b 2.06±0.12a 0.94±0.03ab 
SS+CA2 1.53±0.01bc 1.94±0.07a 0.96±0.01a 
SS+Pro 1.52±0.05bc 1.89±0.04a 0.91±0.01ab 
AS 
AS 1.12±0.06d 1.44±0.02c 0.57±0.03d 
AS+CA1 1.17±0.04d 1.62±0.06bc 0.65±0.01c 
AS+CA2 1.24±0.03d 1.62±0.05bc 0.66±0.02c 
AS+Pro 1.15±0.05d 1.55±0.11c 0.70±0.02c 
In a column, values with the same letter are not significantly different, and that with different letters 
are significantly different at P<0.05 using Duncan test, values are means ±S.E (n=4). 
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Table 4.15 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on P 
accumulation (mg plant-1) in the leaves, stems and roots of Foxtail millet under SS and AS 
conditions.  
 
Treatment 
groups Treatments 
P 
Leaves Stems Roots Total 
Control   
1.12 1.76 0.39 3.27 
(34) (54) (12) (100) 
SS 
SS 0.60 1.01 0.16 1.76 
(34) (57) (9) (100) 
SS+CA1 0.78 1.43 0.20 2.41 
(32) (59) (8) (100) 
SS+CA2 0.79 1.38 0.21 2.39 
(33) (58) (9) (100) 
SS+Proline 0.76 1.17 0.23 2.16 
(35) (54) (11) (100) 
AS 
AS 0.49 0.70 0.08 1.26 
(38) (56) (6) (100) 
AS+CA1 0.59 1.00 0.11 1.71 
(35) (59) (7) (100) 
AS+CA2 0.63 0.96 0.11 1.70 
(37) (57) (7) (100) 
AS+Proline 0.51 0.90 0.12 1.54 
(33) (59) (8) (100) 
         ( ): P partitioning as percentage in leaves, stems and roots.        
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Fig. 4.7 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on the total N 
concentration in the leaves and roots of Foxtail millet under SS and AS conditions. The 
values are the means (± S.E) of four replicates. 
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Table 4.16 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on N 
accumulation (mg plant-1) in the leaves, stems and roots of Foxtail millet under SS and AS 
conditions. 
 
Treatment 
groups Treatments 
N 
Leaves Roots Total 
Control   
10.05 3.93 13.98 
(72) (28) (100) 
SS 
SS 4.30 1.21 5.50 
(78) (22) (100) 
SS+CA1 5.50 1.71 7.21 
(76) (24) (100) 
SS+CA2 6.00 2.14 8.14 
(74) (26) (100) 
SS+Proline 5.36 1.91 7.27 
(74) (26) (100) 
AS 
AS 3.66 0.82 4.47 
(82) (18) (100) 
AS+CA1 4.76 1.58 6.34 
(75) (25) (100) 
AS+CA2 4.84 1.63 6.47 
(75) (25) (100) 
AS+Proline 4.25 1.31 5.56 
(76) (24) (100) 
           ( ): N partitioning as percentage in leaves, stems and roots. 
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Fig. 4.8 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on the internal citric 
acid concentration in the leaves of Foxtail millet under SS and AS onditions. The values are 
the means (± S.E) of four replicates. 
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Fig. 4.9 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on the internal 
proline concentration in the leaves of Foxtail millet under SS and AS conditions. The values 
are the means (± S.E) of four replicates. 
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Fig. 4.10 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on the sugar 
content in the leaves of Foxtail millet under SS and AS conditions. The values are the means 
(± S.E) of four replicates. 
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Fig. 4.11 Effect of CA1 (0.25 mM), CA2 (0.5 mM) and proline (0.5 mM) on the starch 
content in the leaves of Foxtail millet under SS and AS conditions. The values are the means 
(± S.E) of four replicates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 93 
 
 
 
 
 
 
 
 
 
CHAPTER 5 
 
GENERAL DISCUSSION  
 
 
 
 
 
 
 
 
 
 
 
 
 
 94 
5.1 GENERAL DISCUSSION 
 
5.1.1 Comparative studies on saline and alkaline stresses of Foxtail millet (Setaria italica 
L.) and Proso millet (Panicum miliaceum L.) and analysis their stress tolerance factors 
 
Proso millet is comparatively more tolerant than Foxtail millet under high levels of 
SS and AS conditions (100 mM). Due to exposure to higher concentration of AS as well as 
the early application to the plant (4 weeks seedlings), Foxtail millet damaged early under AS 
condition, making it unavailable for the measurements of physiological attributes. Therefore, 
another study was conducted using lower concentration of SS and AS (50 and 75 mM) 
applied to six weeks plants to investigate in details and combined results are discussed this 
section.    
 
The biomass production per plant significantly decreased with increasing stresses and 
the relative reduction was higher in Foxtail millet than in Proso millet under AS conditions. 
The reduced dry matter is correlated with the reduced leaf area, RWC, ΨLW (Munns, 2002) 
and increased ELR (Zhang and Mu, 2009) as a result of stresses. The effects of stress were 
higher in Foxtail millet as indicated its lower plant growth compared with Proso millet. The 
high pH in the root zone under AS was involved in inhibiting plant growth. These results 
were in agreement with the previous studies reported by Yang et al. (2007, 2008a, 2009a).  
 
Plants reduce RWC as a quick and economical approach to osmotic adjustment in 
response to osmotic stress (Lissner et al., 1999). However, a greater reduction in the leaf area 
and in Foxtail millet indicates that it is a more sensitive species compared to Proso millet. 
The higher RWC in Proso millet under AS noticed its higher tolerance compared with Foxtail 
millet. The redeced ΨLW under salt-alkali stress is closely correlated with the reduction of gs 
and Tr (Liu et al., 2010).  
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It is reported that the Pn, gs and Tr of plants usually decrease with increasing salinity 
or alkalinity (Yang et al., 2009a,b). In this study lower level of AS (50mM) inhibited Pn, gs 
and Tr severely than the higher levels of SS (75 mM) in both species. This result is in 
agreement with Zhang and Mu (2009) who found that the Pn, gs and Tr of Lathyrus 
quinquenervius did not decrease under moderate (30 mM) saline stress as alkaline stress did.  
 
The Na concentration was increased by SS and AS in all plant segments and K 
concentration was reduced in the stems and roots by the higher concentration SS and AS . 
This result indicates that there was no competitive inhibition between Na and K uptake in 
Proso millet species. Similar results were observed by Saneoka et al. (1995, 1999) in maize 
and wheat and Benderradji et al. (2011) in bread wheat. The high pH under AS might 
increase the interference with the selective absorption of K to Na in roots and elevated 
intracellular Na concentration to a toxic level for Foxtail millet. The lower ratio of Na / K in 
Proso millet indicated its high tolerance compared with Foxtail millet. The ability of plant to 
limit Na+ transport into the shoot is critically important for the maintenance of high plant 
growth from the toxic effects of Na+ (Razmjoo et al., 2008). Proso millet transported less 
amount of Na from root to shoot than Foxtail millet did, which might explain higher 
tolerance of Proso millet than Foxtail millet. The Ca and Mg concentration decreased more in 
AS plants. The high pH under AS reduced the availability of Ca and Mg in the root zones by 
precipitating them into CaCO3 and MgCO3. This result is in agreement with the results of Shi 
and Sheng (2005) and Yousif et al. (2010).  
 
The N concentration decreased under SS and AS conditions and a marked reduction 
was observed in Foxtail under AS conditions. A lower concentration of N in Foxtail millet is 
thought to be the result of a higher accumulation of Na in plants which competes more with 
N as Na+-NH4
+ and / or NO3
- and Cl- in the uptake site of roots.  The higher influence of Na+ 
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on NH4
+ loading into the xylem ultimately reduced the N accumulation as reported by Bar et 
al. (1997), Marcelis and Van-Hooijdonk, (1999) and James et al. (2006).  
 
Plants under stresses accumulate compatible solutes such as proline for osmotic 
adjustment and detoxification of injurious ions (Tammam et al., 2008), and proline 
accumulation in plants is correlated with stress tolerance (Younis et al., 2009). The greater 
concentration of proline in Foxtail millet indicates that Foxtail millet faced more stress than 
Proso millet. However, under higher stress conditions, SS induced more proline than AS but 
in lower stress conditions, AS induced more than SS although it was established that AS is 
more destructive than SS in both experiments. It might be due to the fact that higher 
concentration of AS severely damaged plant growth and Foxtail millet damaged earlier, 
stopping their accumulation of proline while the accumulation was still continued in plants 
under SS.  
 
Plants under stress conditions accumulate TSS to adjust to osmotic stress (Palma et al., 
2009). The increase of TSS concentration was greater under AS than under SS. This might be 
due to AS inducing higher stress forcing plants to accumulate more TSS to adjust to osmotic 
shock as like proline. The lower concentration of TSS in Proso millet indicates that SS and 
AS cause less stress effects in this species than in Foxtail millet. On the contrary, starch 
concentration decreased with increasing stresses and relative reduction was higher in Foxtail 
millet than in Proso millet under AS. This result is in agreement with previous result of 
Murakeozy et al. (2003). The reduced starch might be related to the lower RWC, water 
potential and ultimately the reduction of photosynthetic activities which yielded lower starch. 
The higher starch in Proso millet under stresses indicates its higher tolerance than Foxtail 
millet.  
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5.1.2 Effects of exogenous application of citric acid and proline to Foxtail millet and analysis of 
stress tolerance factors under saline and alkaline conditions 
 
The effects of exogenous application of CA and proline on the growth, membrane 
stability, water status, gas exchange characters, mineral composition and organic metabolites 
of SS and AS sensitive Foxtail millet are presented (Chapter 4) and discussed here.  
Plant height, leaf area and dry weight significantly reduced under SS and AS 
conditions.  However, with the exogenous application of CA and proline significantly 
increased dry matter of plants. This result is consistent with the previous reports that different 
antioxidants like CA and ascorbic acid mitigated salt and alkaline stresses and enhanced 
tolerance in Leymus chinensis (Trin.) (Sun and Hong, 2010a) and in soybean (Sheteawi, 
2007).  
The ELR increased sharply under SS and AS which indicates that the high-pH might 
damage root structure. However, the addition of exogenous CA and proline to plants under 
SS and AS conditions significantly reduced the ELR, with CA being more effective than 
proline. It has been reported that stress-impaired membrane permeability was revised by the 
application of proline and salicylic acid (Stevens et al., 2006; Tuna et al., 2007).  
 
The RWC decreased 13% under SS and 17% under AS with the intensification of 
stresses. However, the application of CA and proline improved the RWC in the leaves and 
the recovery rate was little bit higher under SS plants. Many authors reported that the reduced 
water content due to saline and alkaline stresses was alleviated by the addition of exogenous 
proline (Sun and Hong, 2010b), proline and glycinebetaine (Ahmed et al., 2010), and CA 
(Sun and Hong, 2010a). Azooz (2009) reported similar results for salicylic acid. Exogenous 
application of CAs and proline effectively revived the reduced ΨLW with proline being less 
effective than CA. These results are in agreement with the previous studies of Huber (2003) 
and Ahmed et al. (2010).  
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SS and AS significantly reduced Pn, gs and Tr and AS led to marked reduction of Pn 
as compared to SS conditions which was supported by many authors both in halophytes and 
glycophytes (Li et al., 2010; Liu et al., 2010). The high pH caused by AS may seriously 
affect stomatal opening and closing thereby reducing Pn. However, Pn, gs and Tr were 
revived in the stressed plants by exogenous proline and CA. This result is in agreement with 
the results of Sun and Hong (2010a,b) and Farouk (2011). Salicylic acid also effectively 
stimulated photosynthetic activities in salt stressed maize plant (Khodary, 2004) and in apple 
leaves (Liu et al., 1999).  
The application of CA and proline substantially reduced the Na accumulation in the 
leaves compared to untreated stressed plants. This might occur through the decreased Tr, 
causing fewer ions to be carried through the transpiration stream. It has been reported that SS 
and AS can have either inhibiting effects (Tammam et al., 2008), and inducing effects 
(Benderradji et al., 2011) on K uptake of plants. This is in agreement with Gadallah (1999) 
and Khanna (1998). Exogenous CA and proline decreased Na concentration remarkably 
which influenced the reduction of the Na / K ratio in the presence of SS and AS. The lower 
Na / K ratio in plants has been considered a physiological trait indicator of salt tolerance in 
plants (Morsy et al., 2007). The reduced Ca amd Mg uptake due to SS and AS was revised by 
the exogenous CA and proline. Rana and Rai (1996) showed that the exogenous proline 
promoted Ca and Fe uptake in Phaseolus seedlings. 
N and P concentration decreased more in AS than in SS plants and exogenous CA and 
proline relaxed the stresses and increased their uptake.  Proline activated the acquisition of N 
more effectively than CA in the roots under SS, but very less effective under AS. Internal CA 
and proline concentration increased more under AS than under SS.  This suggests that the 
induction of CA and proline synthesis is related to the severity of the stress, which is induced 
by pH. However, the application of exogenous CA and proline remarkably reduced internal 
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CA and proline concentration, which be might be a stress coping. Exogenously-supplied 
proline provides osmoprotection (Yancey, 1994), protects cell membranes from salt-induced 
oxidative stress (Yan et al., 2000), increases activities of superoxide dismutase and 
peroxidase (Hua and Guo, 2002), decreases Na+ and Cl− accumulations, and facilitate growth 
(Lone et al., 1987). 
TSS concentration in the leaves significantly increased under SS and AS.  Plants 
grown under AS induced more TSS than those under SS as reported by Khadri et al. (2007) 
and Palma et al. (2009). Stressed plants treated with CA and proline revealed a significant 
reduction of elevated TSS. Similar results were also observed by Okuma et al. (2000) and El-
Tayeb (2005). On the other hand, starch concentration decreased in the stressed plants, which 
might be related to the reduced photosynthetic activities and inhibition of photo assimilates to 
the growing regions. Similar results were also reported by Rathert (1985), Murakeozy et al. 
(2003). Nonetheless, the added CA and proline played an important role in starch synthesis 
and, thus, lessened the pressure on the photosynthetic chain by reducing toxic ions and 
causing an increase in the cytosolic water volume (Cayley et al., 1992). Khan et al. (2003), 
Khodary (2004) and Yildirim et al. (2008) concluded that exogenous salicylic acid 
application remarkably controlled the increased TSS and decreased starch in opposite 
directions in salt stressed plants.  
Due to containing more carboxylic groups and varying negative charges of CA allows 
the complexation of metal cations in solution and the displacement of anions from the soil 
matrix by the mobilisation and uptake of nutrients (N, K, P, Ca, Mg and Fe) and the 
detoxification of metals (Jones, 1998), microbial proliferation in the rhizosphere, and the 
dissolution of soil minerals (Marschner, 1995). CA and proline enhance to maintain good 
water status in the rhizospheres which helps to revived root activities for uptaking required 
nutrients. 
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SUMMARY 
 
The salinization and alkalization of soil are widespread environmental problems that 
lead to loss of agricultural land day by day. Great awareness should be generated in the world 
for the utilization of that degraded land for crop production to meet the needs of the fast 
expanding population. Therefore, development of proper technologies to grow crops in 
degraded soils has become extremely essential. To achieve that goal, the foremost task is to 
identify the salt-alkali tolerant species and then to prevent or alleviate the stress damage 
under stressful environments. Foxtail millet (Setaria italica L.) and (Panicum miliaceum L.) 
are important food and fodder grain crops grown in arid and semi-arid regions. Growth 
responses of many crops to salinity stress have been extensively investigated but 
unfortunately millets like Foxtail millet and Proso millet, which are naturally adapted to 
drought stress, have not been explored in alkaline stress, to date. The present study was, 
therefore, conducted to 1) investigate the nature of the tolerance of Foxtail millet and Proso 
millet under saline and alkaline environments, 2) assess whether exogenous application of 
citric acids and proline could alleviate the adverse effects of saline stress (SS) and alkaline 
stress (AS), and 3) find out the strategies how these compounds ameliorate saline and 
alkaline stresses. 
 
1. Comparative studies on saline and alkaline stresses of Foxtail millet and Proso millet 
and analysis their stress tolerance factors 
 
To achieve the first objective, Foxtail millet and Proso millet were grown in 100 mM 
saline and alkaline conditions. For more clarification and confirmation about the tolerances, 
this experiment was repeated with imposing lower concentration (50 and 75 mM) of SS and 
AS to observe some physiological attributes.  
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The data indicated that the reduction of all plant parameters were more pronounced in 
Foxtail millet and less in Proso millet in both the stressful situations. The biomass production 
per plant significantly decreased with the increasing salinity and alkalinity in both species 
and Proso millet produced a significantly greater amount of dry matter than Foxtail millet in 
both stressful situations. The stress-induced injurious effect on the electrolyte leakage rate 
(ELR) was greater in Foxtail millet than in Proso millet. The reduction of relative water 
content (RWC) was more marked in Foxtail millet than in Proso millet. The leaf water 
potential (ΨLW) decreased with the intensity of saline stress and alkaline stress and the 
reductions in Foxtail millet were greater under alkaline stress than saline stress conditions, 
indicates that Foxtail millet is a sensitive species compared to Proso millet. The inhibitory 
effect of alkaline stress on the photosynthetic rate (Pn), stomatal conductance (gs) and 
transpiration rate (Tr) were greater than that of saline stress and the inhibition was higher in 
Foxtail millet than in Proso millet. Foxtail millet accumulated greater concentration of Na 
under the saline stress and alkaline stress conditions as compared to Proso millet. The roots 
of Proso millet attained a higher concentration of Na than the roots of Foxtail millet.  The K 
concentration was reduced in the stems and roots of both species by the higher concentration 
(100 mM) of saline stress and alkaline stress but did not reduce significantly in the leaves and 
stems of Proso millet at lower concentration of saline stress and alkaline stress (50 and 75 
mM) as Foxtail millet did under alkaline conditions. This result indicates that there was no 
competitive inhibition between Na+ and K+ uptake in Proso millet species. Foxtail millet 
showed greater values of Na / K ratios than Proso millet except in the alkaline stress treated 
Proso millet roots. These results suggested that Proso millet is more tolerant to saline stress 
and alkaline stress than Foxtail millet due to a higher ability of maintain the root function for 
the uptake and supply of water to shoot under both stress conditions, and a lower 
accumulation of sodium and  its transportation from root to leaves. 
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2. Effects of exogenous application of citric acid and proline to Foxtail millet and analysis 
of stress tolerance factors under saline and alkaline conditions 
 
It is important to study the effective management practices that can improve stress 
tolerances of plants. The effects of exogenous application of citric acid (CA) and proline on 
the growth, membrane stability, water status, photosynthetic apparatus, mineral composition 
and organic metabolites in Foxtail millet under saline stress and alkaline stress studied. Plant 
dry weight significantly reduced under both stress conditions and the percentage of reduction 
was greater under alkaline stress condition.  However, exogenous application of CA and 
proline significantly increased plant dry matter, and proline was less effective under alkaline 
stress condition. Saline and alkaline stresses increased ELR, and with the addition of 
exogenous CA and proline significantly reduced the leakage rate. The application of external 
CA and proline improved RWC in the leaves and recovery rate was almost similar between 
saline stressed and alkaline stressed plants, although it was little bit higher in saline stressed 
plants. Alkaline stress sharply decreased ΨLW and exogenous application of CA and proline 
effectively reestablished the ΨLW.  
 
The Na concentration increased in all plant parts under both stress conditions and the 
increase was greater under alkaline stress condition. However, CA and proline substantially 
reduced the Na concentration in all plant parts compared to untreated stressed plants, and CA 
was more effective than proline in reducing Na accumulation in leaves and also transport 
from root to leaves.  N, P, Ca, Mg and Fe uptake were decreased under both stress conditions, 
however uptake of these nutrients was increased by the application of exogenous CA and 
proline under both stress conditions.  The total soluble sugar concentration in the leaves 
significantly increased and the increment was greater under AS compared to saline stress. CA 
and proline application significantly reduced the total soluble sugar concentration, however 
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starch concentration decreased in both stress conditions, which indicated the CA and proline 
played an important role in starch synthesis under stress conditions. 
 
3. Conclusion 
Proso millet showed more capability to survive under both stress conditions as 
compared to Foxtail millet regarding of almost all plant traits examined. Foxtail millet 
accumulated greater concentration of Na under saline and alkaline stress conditions in the 
leaves and stems, and showed greater values of Na / K ratios as compared to Proso millet. 
Proso millet maintained a higher photosynthetic activities and a higher water status under 
both stress conditions due to supply of required water in shoot. The exogenous application of 
CA and proline alleviated saline and alkaline stress damages. CA and proline application 
increased water content, N, P Ca, Mg and Fe accumulation and reduced Na accumulation in 
leaves under saline and alkaline conditions. These results suggested that CA and proline 
application enhanced plant growth due to more water and nutrients uptake, and reduced toxic 
sodium accumulation in leaves resulting increased salt tolerance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 104 
REFERENCES 
 
Ahmed CB, Rouina BB, Sensoy S, Boukhriss M, Abdullah FB (2010) Exogenous proline 
effects on photosynthetic performance and antioxidant defense system of young olive 
Tree. J Agric Food Chem 58: 4216-4222. 
Akhtar J, Saqib ZA (2008) A profitable way to tackle salinity. Dawn economic and business 
review, The Dawn, May 26-June 1.  
Ashraf M (1989) The effect of NaCl on water relations, chlorophyll, and protein and proline 
contents of two cultivars of blackgram (Vigna mungo L.). Plant Soil 119: 205-210. 
Ashraf M, Foolad MR (2007) Roles of glycine betaine and proline in improving plant abiotic 
stress resistance. Environ Exp Bot 59: 206-216.  
Athar HR, Ashraf M (2005) Photosynthesis under drought stress. In: Pessarakli M (ed), 
Handbook of photosynthesis. New York: CRC Press, Taylor and Francis Group. pp. 
793-809. 
Ayars JE, Tanji KK (1999) Effects of drainage on water quality in arid and semiarid lands. 
In: Skaggs RV, Schilfgaarde J V (ed), Agricultural Drainage. ASA-CSSA-SSSA, 
Madison, pp. 831-867. 
Aziz A, Martin-Tanguy J, Larher F (1998) Stress-induced changes in polyamine and 
tyramine levels can regulate proline accumulation in tomato leaf discs treated with 
sodium chloride. Physiol Plant 104: 195-202. 
Azooz MM (2009) Salt stress mitigation by seed priming with salicylic acid in two faba bean 
genotypes differing in salt tolerance. Int J Agric Biol 11: 343-350. 
Bar Y, Apelbaum A, Kafkafi U, Goren R (1997) Relationship between chloride and nitrate 
and its effect on growth and mineral composition of avocado and citrus plants. J Plant 
Nutr 20: 715-731. 
 105 
Bartels D, Sunkar R (2005) Drought and salt tolerance in plants. CRC Crit Rev. Plant Sci 24: 
23-58. 
Bartlett RJ, Riego DC (1972) Effect of chelation on the toxicity of aluminum. Plant Soil 37: 
419-423. 
Bates LS, Waldren RP, Teare ID (1973) Rapid determination of free proline for water-stress 
studies. Plant Soil 39: 205-207. 
Benderradji L, Brini F, Amar SB, Kellou K, Azaza J, Masmoudi K, Bouzerzour H, Hanin M 
(2011) Sodium transport in the seedlings of two bread wheat (Triticum aestivum L.) 
genotypes showing contrasting salt tolerance. Aust J Crop Sci 5: 233-241. 
Bethke PC, Drew MC (1992) Stomatal and non-stomatal components to inhibition of 
photosynthesis in leaves of Capsicum annuum during progressive exposure to NaCl 
salinity. Plant Physiol 99: 219-226. 
Brady CJ, Gibson TS, Barlow EWR, Speirs J, Wyn Jones RG (1984) Salt-tolerance in plants. 
I. Ions compatible organic solutes and the stability of plant ribosomes. Plant Cell 
Environ 7: 571-578. 
Cakmak I (2005) The role of potassium in alleviating detrimental effects of abiotic stresses in 
plants. J Plant Nutr Soil Sci 168: 521-530. 
Campbell SA, Nishio JN (2000) Iron deficiency studies of sugar beet using an improved 
sodium bicarbonate-buffered hydroponics growth system. J Plant Nutr 23: 741-757. 
Cayley S, Lewis BA, Record JMT (1992) Origins of the osmoprotective properties of betaine 
and proline in Escherichia coli K-12. J Bacteriol 174: 1586-1595. 
Chartzoulakis K, Loupassaki M, Bertaki M, Androulakis I (2002) Effects of NaCl salinity on 
growth, ion content and CO2 assimilation rate of six olive cultivars. Sci Hortic 96: 
235-247.  
Cheeseman JM (1988) Mechanisms of salinity tolerance in plants. Plant Physiol 87: 547-550. 
 106 
Chen PS, Toribara TY, Huber W (1956) Microdetermination of Phosphorus. Analyt Chem 
28: 1756-58. 
Chen W, Cui P, Sun H, Guo W, Yang C, Jin H (2009) Comparative effects of salt and alkali 
stresses on organic acid accumulation and ionic balance of Seabuckthorn (Hippophae 
rhamnoides L.). Ind Crop Prod 30: 351-358.  
Chinnusamy V, Jagendorf A, Zhu JK (2005) Understanding and improving salt tolerance in 
plants. Crop Sci 45: 437-448. 
Colmer TD, Epstein E, Dvorak J (1995) Differential solute regulation in leaf blades of 
various ages in salt sensitive wheat and a salt-tolerant wheat x Lophopyrum 
elongatum (Host.) A. Love amphiploid. Plant Physiol 108: 1715-1724. 
Colmer TD, Flowers TJ, Munns R (2006) Use of wild relatives to improve salt tolerance in 
wheat. J Exp Bot 57: 1059-1078. 
Crawford NM, Glass ADM (1998) Molecular and physiological aspects of nitrate uptake in 
plants. Trends Plant Sci 3: 385-395. 
Csonka LN, Hanson AD (1991) Prokaryotic osmoregulation: genetics and physiology. Annu 
Rev Microbiol 45: 569-606. 
Cuin TA, Miller AJ, Laurie SA, Leigh RA (2003) Potassium activities in cell compartments 
of salt grown barley leaves. J Exp Bot 54: 657-661. 
de- Lacerda CF, Cambraia J, Oliva MA, Ruiz HA, Prisco JT (2003) Solute accumulation and 
distribution during shoot and leaf development in two sorghum genotypes under salt 
stress. Environ Exp Bot 49: 107-120.  
Delauney AJ, Verma DPS (1993) Proline biosynthesis and osmoregulation in plant. Plant J 4: 
215-223. 
DeWald DB, Torabinejad J, Jones CA, Shope JC, Cangelosi AR, Thompson JE, Prestwich 
GD, Hama H (2001) Rapid accumulation of phosphatidylinositol-4,5-bisphosphate 
 107 
and inositol-1,4,5-trisphosphate correlates with calcium mobilization in salt-stressed 
Arabidopsis. Plant Physiol 126: 759-769.  
Dixit PN, Chen D (2010) Impact of spatially variable soil salinity on crop physiological 
properties, soil water content and yield of wheat in a semi arid environment. Aust J 
Agril Eng 1: 93-100. 
Dubey RS (2005) Photosynthesis in plants under stressful conditions. In: Pessarkli M (ed), 
Photosynthesis Handbook, 2nd edition, CRC Press, New York, USA, pp. 717-718. 
Ebbs S, Brady D, Kochian L (1998) Role of uranium speciation in the uptake and 
translocation of uranium by plants. J Exp Bot 49: 1183-1190. 
Ehret DL, Plant AL (1999) Salt tolerance in crop plants. In: Environmental stress in crop 
plants, Dhaliwal GS, Arora R, Verma A (ed), Commonwealth Publishers, New Delhi, 
India, pp. 69-120. 
El-Kharbotly A, Mahgoub O, Al-Subhi A, Al-Halhali A (2003) Indigenous grass species with 
potential for maintaining rangeland and livestock feeding in Oman. Agric Ecosyst 
Environ 95: 623-627. 
El-Tayeb MA (2005) Response of barley grains to the interactive effect of salinity and 
salicylic acid. Plant Growth Regul 45: 215-224. 
FAO (2008) Land and plant nutrition management service. htpp://www.fao.org/ 
ag/agl/agll/spush. 
Farouk S (2011) Osmotic adjustment in wheat flag leaf in relation to flag leaf area and grain 
yield per plant. J Stress Physiol  Bioch  7: 117-138.  
Flowers TJ, Yeo AR (1995) Breeding for salinity resistance in crop plants: Where Next? 
Aust J Plant Physiol 22: 875-884.  
Fougére F, Rudulier DL, Streeter JG (1991) Effects of salt stress on amino acid, organic acid, 
 108 
            and carbohydrate composition of roots, bacteroids and cytosol of alfalfa (Medicago 
sativa L.). Plant Physiol 96: 1228-1236. 
Gadallah MAA 1(999) Effects of proline and glycinebetaine on Vicia faba responses to salt 
stress. Biol Plantarum 42: 249-257. 
Garcia AB, Almeida-Engler J, Lyer S, Gerats T, Van Montagu M, Caplan AB (1997) Effects 
of osmoprotectants upon NaCl stress in rice. Plant Physiol 115: 159-169. 
Ghassemi F, Jakeman AJ, Nix HA. (1995) Salinization of land and water resources. Human 
causes, extent, management and case studies: Sydney. University of New South 
Wales Press Ltd. 
Glenn EP, Brown JJ (1999) Salt tolerance and crop potential of Halophytes. Crit Rev Plant 
Sci 18: 227-255. 
Goldberg I, Rokem JS, Pines O (2006) Organic acids: Old metabolites, new themes. J Chem 
Technol Biotechnol 18: 1601-1611. 
Guo LQ, Shi DC, Wang DL (2010) The key physiological response to alkali stress by the 
alkali-resistant halophyte Puccinellia tenuiflora is the accumulation of large 
quantities of organic acids and into the rhizosphere. J Agron Crop Sci 196: 123-135. 
Guo R, Shi L, and Yang Y (2009) Germination, growth, osmotic adjustment and ionic 
balance of wheat in response to saline and alkaline stresses. Soil Sci Plant Nutr 55: 
667-679. 
Hamilton WE, Heckathorn SA (2001) Mitochondrial adaptations to NaCl complex I is 
protected by anti-oxidants and small heat shock proteins, whereas complex II is 
protected by proline and betanine. Plant Physiol 126: 1266-1274. 
Handa S, Handa AK, Hasegawa PM, Bressan RA (1986) Proline accumulation and the 
adaptation of cultured plant cells to water stress. Plant Physiol 80: 938-945. 
 109 
Haque SA (2006) Salinity problems and crop production in coastal regions of Bangladesh. 
Pak J Bot 28: 1359-1365.  
Hare PD, Cress WA, Staden JV (2002) Disruptive effects of exogenous proline on 
chloroplast and mitochondrial ultrastructure in Arabidopsis leaves. South African J 
Bot 68: 393-396. 
Hasegawa PM, Bressan RA, Zhu JK, Bohnert HJ (2000) Plant cellular and molecular 
responses to high salinity. Annu Rev Plant Biol 51: 463-499. 
Hillel D (2000) Salinity Management for Sustainable Irrigation. The World Bank. 
Washington, DC. 
Hocking PJ (2001) Organic acids exuded from roots in phosphorus uptake and aluminum 
tolerance of plants in acid soils. Adv Agron 74: 63–97. 
Hoque MA, Okuma E, Banu MNA, Nakamura Y, Shimoishi Y, Murata N (2007) Exogenous 
proline mitigates the detrimental effects of salt stress more than exogenous betaine by 
increasing antioxidant enzyme activities. J Plant Physiol 164: 553-561. 
Hu Y, Schmidhalter U (1997) Interactive effects of salinity and macronutrient level on wheat. 
J Plant Nutr 20: 1169-1182. 
Hua B, Guo WY (2002) Effect of exogenous proline on SOD and POD activity of soyabean 
callus under salt stress. Acta Agric Boreali-Sin 17: 37-40. 
Huber B (2003) Influence of exogenous application of proline and glycinebetaine on growth 
of salt stressed tomato plants. Plant Sci 165: 693-699. 
Hue NV, Craddock GR, Adams F (1986) Effect of organic acids on aluminum toxicity in 
subsoils. Soil Sci Soc Am J 50: 28-34. 
Islam MS (2001) Morpho-physiology of blackgram and mungbean as influenced by salinity. 
An MS thesis. Department of Agronomy, Bangabandhu Sheikh Mujibur Rahman 
Agricultural University, Salna, Gazipur- 1703, pp. 2-49. 
 110 
James RA, Munns R, Caemmerer S, Trejo C, Miller C, Condou T (2006) Photosynthetic 
capacity is related to the cellular and subcellular partitioning of Na+, K+ and Cl– in 
salt-affected barley and durum wheat. Plant Cell Environ 29: 2185-2197.  
James SA, Bell DT, Robson AD (2002) Growth response of highly tolerant Eucalyptus 
species to alkaline pH, bicarbonate and low iron supply. Aust J Exp Agric 42: 65-70. 
Jiménez-Bremont JF, Becerra-Flora A, Hernández-Lucero E, Rodríguez-Kessler M, Acosta-
Gallegos JA, Ramírez-Pimentel JG (2006) Proline accumulation in two bean cultivars 
under salt stress and the effect of polyamines and ornithine. Biol Plant 50: 763-766.  
Jones DL (1998) Organic acids in the rhizosphere - a critical review. Plant Soil 205: 25-44. 
Jones DL, Darrah PR (1994) Role of root derived organic acids in the mobilization of 
nutrients from the rhizosphere. Plant Soil 166: 247-257. 
Jones DL, Dennis PG, Owen AG, Van Hees PAW (2003) Organic acid behavior in soils-
misconceptions and knowledge gaps. Plant Soil 248: 31-41.  
Kavi Kishor PB, Sangam S, Amrutha RN, Sri Laxmi P, Naidu KR, Rao KRSS, Rao S, Reddy 
KJ, Theriappan P, Sreenivasulu N (2005) Regulation of proline biosynthesis, 
degradation, uptake and transport in higher plants: its implications in plant growth 
and abiotic stress tolerance. Curr Sci 88: 424-438. 
Kawanabe S, Zhu TC (1991) Degeneration and conservational of Aneurolepidium chinense 
grassland in northern China. J Jpn Grassl Sci 37: 91-99. 
Kaya C, Tuna AL, Ashraf M, Altunlu H (2007) Improved salt tolerance of melon (Cucumis 
melo L.) by the addition of proline and potassium nitrate. Environ Exp Bot 60: 397-
403. 
Khadri M, Tejera NA, Lluch C (2007) Sodium chloride–ABA interaction in two common 
bean (Phaseolus vulgaris) cultivars differing in salinity tolerance. Environ Exp Bot 
60: 211-218.  
 111 
Khan MA (2001) Experimental assessment of salinity tolerance of Ceriops tagal seedlings 
and saplings from the Indus delta, Pakistan. Aquat Bot 70: 259-268. 
Khan W, Prithiviraj B, Smith DL (2003) Photosynthetic response of corn and soybean to 
foliar application of salicylates. J Plant Physiol 160: 485-492. 
Khan MJ, Jan MT, Khan AU, Arif MM, Shafi MM (2010) Management of saline sodic soils 
through cultural practices and gypsum. Pak J Bot 42: 4143-4155.  
Khanna S (1998) Regulation of K+ uptake by exogenous amino acids, glycine betaine and 
abscisic acid in turgid and stressed Raphanus sativus L. seedlings. Ph D. Thesis, HP 
University, Simla, India. 
Khodary SEA (2004) Effect of salicylic acid on the growth, photosynthesis and carbohydrate 
metabolism in salt stressed maize plants. Int J Agric Biol 6: 5-8. 
Kingsbury RW, Epstein E, Peary RW (1984) Physiological responses to salinity in selected 
lines of wheat. Plant Physiol 74: 417-423. 
Koyama ML, Levesley A, Koebner RMA, Flowers TJ, Yeo AR (2001) Quantitative trait loci 
for component physiological traits determining salt tolerance in rice. Plant Physiol. 
125: 406-422. 
Koyro HW (2006) Effect of salinity on growth, photosynthesis, water relations and solute 
composition of the potential cash crop halophyte Plantago coronopus (L.). Environ 
Exp Bot 56: 136-146. 
Kumar V, Sharma DR (1989) Effect of exogenous proline on growth and ion content in NaCl 
stressed and nonstressed cells of mungbean, Vigna radiata var. radiata. Indian J Exp 
Biol 27: 813-815  
Kumar V, Sharma DR, Sheoran IS (1990) Effects of proline on growth, ionic content and 
osmotic potential of thioproline stressed and nonstressed wild type callus cultures of 
mungbean (Vigna radiata var. radiata). Indian J Exp Biol 29: 661-664. 
 112 
Larsen PB, Degenhardt J, Tai CY, Stenzler LM, Howell SH, Kochian LV (1998) Aluminum-
resistant Arabidopsis mutants that exhibit altered patterns of aluminum accumulation 
and organic acid release from roots. Plant Physiol 117: 9-17. 
Läuchli A, Lüttge U (2002) Salinity in the soil environment. In: Tanji KK (ed) Salinity: 
Environment-Plants-Molecules. Kluwer Academic Publ, Boston, pp. 21-23. 
Lawlor DW, Cornic G (2002) Photosynthetic carbon assimilation and associated metabolism 
in relation to water deficits in higher plants. Plant Cell Environ 25: 275-94. 
Li C, Fang B, Yang C, Shi D, Wang D (2009) Effects of various salt-alkaline mixed stresses 
on the state of mineral elements in nutrient solutions and the growth of alkali resistant 
halophyte Chloris virgata. Jour Plant Nutr 32: 1137-1147. 
Li R,  Shi F,  Fukuda K (2010) Interactive effects of various salt and alkali stresses on growth, 
organic solutes, and cation accumulation in a halophyte Spartina alterniflora 
(Poaceae). Environ Exp Bot 68: 66-74. 
Lissner J, Schierup HH,Comin FA, Astorga V (1999) Effect of climate on the salt tolerance 
of two Phragmites australis popolations.: I. Growth, inorganic solutes, nitrogen 
relations and osmoregulation. Aquat Bot 64: 317-333. 
Liu C, Zhan J, Yuan-Yong, Yu-Cuibin B, Yu-Long F (1999) Effects of salicylic acid on the 
photosynthesis of apple leaves. Acta Hort Sinica 26: 261-262. 
Liu J, Zhang ML, Zhang Y, Shi DC (2008) Effects of simulated salt and alkali conditions on 
seed germination and seedling growth of sunflower (Helianthus annuus L.). Acta 
Agron Sin 34: 1818-1825.  
Liu J, Guo WQ, Shi DC (2010) Seed germination, seedling survival, and physiological 
response of sunflowers under saline and alkaline conditions. Photosynthetica 48: 278-
286. 
 113 
Lone MI, Kueh JSH, Wyn Jones RG, Bright SWJ (1987) Influence of proline and glycine 
betaine on salt tolerance of cultured barley embryos. J Exp Bot 38: 479-490. 
Lopéz-Climent MF, Arbona V, Perez-Clemente RM, Gomez-Cadenas A (2008) Relationship 
between salt tolerance and photosynthetic machinery performance in citrus. Environ 
Exp Bot 62: 176-184. 
López-Millán AF, Morales F, Andaluz S, Gogorcena Y, Abadía A, Rivas JDL, Abadía J 
(2000) Responses of sugar beet roots to iron deficiency. Changes in carbon 
assimilation and oxygen use. Plant physiol 124: 885-898. 
Lunde C, Drew PD, Jacobs AK, Tester M (2007) Exclusion of Na+ via sodium ATPase 
(PpENA1) ensures normal growth of Physcomitrella patens under moderate salt stress. 
Plant Physiol 144: 1786-1796. 
Lutts S, Kiner JM, Bouharmont J (1996) NaCl-induced senescence in leaves of rice (Oryza 
sativa L.) cultivars differing in salinity resistance. Ann Bot 78: 389-398. 
Lutts S, Majerus V, Kinet JM (1999) NaCl effects on proline metabolism in rice (Oryza 
sativa) seedlings. Physiol Plant 105: 450-458. 
Ma JF, Furukawa J (2003) Recent progress in the research of external Al detoxification in 
higher plants: a minireview. J Inorg Biochem 97: 46-51 
Ma Y, Qu BB, Guo LQ, Shi DC, Wang DL (2007) A characteristic of the growth and solute 
accumulation in shoots of an alkali-tolerant Kochia sieversiana under salt-alkaline 
mixed stress. Acta Pratacu Sin 16: 25-33.  
Mahajan S, Tuteja N (2005) Cold, salinity and drought stresses: An overview. Arch. 
Biochem Biophys 444: 139-158. 
Mailloux RJ, Lemire J, Kalyuzhnyi S, Appanna V (2008) A novel metabolic network leads to 
enhanced citrate biogenesis in Pseudomonas fluorescens exposed to aluminum 
toxicity. Extremophiles 12:451-459. 
 114 
Makela P, Karkkanen J, Somersalo S (2000) Effect of glycinebetaine on chloroplast 
ultrastructure, chlorophyll and protein content, and Rubisco activities in tomato 
grown under drought or salinity. Biol Plant 43: 471-475. 
Mansour MMF (1998) Protection of plasma membrane of onion epidermal cells by glycine 
betaine and proline against NaCl stress. Plant Physiol Biochem 36: 767-772. 
Mansour MMF (2000) Nitrogen containing compounds and adaptation of plants to salinity 
stress. Biol Plant 43: 491-500. 
Mansour MMF, Salama KHA (2004) Cellular basis of salinity tolerance in plants. Environ 
Exp Bot 52: 113-122. 
Marcelis LFM, Van-Hooijdonk J (1999) Effect of salinity on growth, water use and nutrient 
use in radish (Raphanus sativus L.). Plant Soil 215: 57-64.  
Marschner H (1995) Mineral nutrition of higher plants. 2nd ed. Academic, San Diego, p. 889. 
Martínez-Beltrán J, Manzur CL (2005) Overview of salinity problems in the world and FAO 
strategies to address the problem. In: Managing saline soils and water: science, 
technology and social issues. Proceedings of the international salinity forum, 
Riverside, California, pp. 311-313. 
McNeil SD, Nuccio ML, Hanson AD (1999) Betaines and related osmoprotectants: targets 
for metabolic engineering of stress resistance. Plant Physiol 120: 945-950. 
Micales JA (1997) Localization and induction of oxalate decarboxylase in the brown-rot 
wood decay fungus Postia placenta. Int Biodeterioration Biodegrad 39: 125-132. 
Moftah AB, Michel BB (1987) The effect of sodium chloride on solute potential and proline 
accumulation in soybean leaves. Plant Physiol 83: 283-286. 
Moghaieb REA, Saneoka H, Fujita K (2004) Effect of salinity on osmotic adjustment, 
glycinebetaine accumulation and the betaine aldehyde dehydrogenase gene 
 115 
expression in two halophytic plants, Salicornia europaea and Suaeda maritime. Plant 
Sci 166: 1345-1349. 
Mollering H, Gruber W (1966) Determination of citrate with citrate lyase. Anal Biochem 17: 
369-376. 
Morsy MR, Jouve L, Hausman J, Hoffmann L, McD Stewart J (2007) Alteration of oxidative 
and carbohydrate metabolism under abiotic stress in two rice (Oryza sativa L.) 
genotypes contrasting in chilling tolerance. J Plant Physiol 164: 157-167. 
Munns R (2002) Comparative physiology of salt and water stress. Plant Cell Environ 25: 
239-250. 
Munns R, James RA, Lauchli A (2006) Approaches to increase the salt tolerance of wheat 
and other cereals. J Exp Bot 57: 1025-1043. 
Munns R, Tester M (2008) Mechanisms of salinity tolerance. Plant Biol 59: 651-681. 
Murakeozy EP, Nagy Z, Duhaze C, Bouchereau A, Tuba Z (2003) Seasonal changes in the 
levels of compatible osmolytes in three halophytic species of inland saline vegetation 
in Hungary. J Plant Physiol 160: 395-401. 
Muya EM, Omedi MJ, Mati B (2009) Training manual for the design, management and 
operation of sustainable irrigation systems. Improved Management of Agricultural 
Water (IMAWESA). 
Nanjo T, Fujita M, Seki M, Kato T, Tabata S, Shinozaki K (2003) Toxicity of free proline 
revealed in an Arabidopsis T-DNA-tagged mutant deficient in proline dehydrogenase. 
Plant Cell Physiol. 44:541-548. 
Nanjo T, Kobayashi M, Yoshiba Y, Kakubari Y, Yamaguchi-Shinozaki KK, Shinozaki K 
(1999) Antisense suppression of proline degradation improves tolerance to freezing 
and salinity in Arabidopsis thaliana. FEBS Lett 461: 205-210. 
 116 
Nawaz K, Ashraf M (2010) Exogenous application of glycinebetaine modulates activities of 
antioxidants in maize plants subjected to salt stress. J Agron Crop Sci 196: 28-37. 
Nuttall G, Armstrong RD, Connor DJ (2003) Evaluating physicochemical constraints of 
calcarosols on wheat yield in the Victorian southern Mallee. Aust J Agric Res 54: 
487-497. 
Okuma E, Murakami Y, Shimoishi Y, Tada M, Murata Y (2004) Effects of exogenous 
application of proline and betaine on the growth of tobacco cultured cells under saline 
conditions. Soil Sci Plant Nutr 50: 1301-1305. 
Okuma E, Soeda K, Fukuda M, Tada M, Murata Y (2002) Negative correlation between the 
ratio of K+ to Na+ and proline accumulation in tobacco suspension cells. Soil Sci 
Plant Nutr: 48:753-7. 
Okuma E, Soeda K, Tada M, Murata Y (2000) Exogenous proline mitigates the inhibition of 
growth of Nicotiana tabacum cultured cells under saline conditions. Soil Sci Plant 
Nutr 46: 257-63. 
Orcutt DM, Nilsen ET (2000) The physiology of plants under stress. John Wiley & Sons, Inc, 
605 Third Avenue, New York 101580012, USA, pp. 177-235. 
Palma F, Lluch C, Iribarne C, Jose M, Garcia-Garrido, Noel A, Tejera Garcia  (2009) 
Combined effect of salicylic acid and salinity on some antioxidant activities, 
oxidative stress and metabolite accumulation in Phaseolus vulgaris. Plant Growth 
Regul 58: 307-316. 
Parida AK, Das AB (2005) Salt tolerance and salinity effects on plants: a review. Ecotoxicol 
Environ Saf 60: 324-349. 
Pessarakli M (1999) Handbook of Plant and Crop Stress: 2nd ed. Revised and Expanded. New 
York, USA: Marcel Dekker Incorporated. p. 4.  
 117 
Qadir M, Schubert S (2002) Degradation processes and nutrient constraints in sodic soils. 
Land Degrad Dev 13: 275-294. 
Qu YG, Zhao KF (2003) Comparison of the stress effects of NaCl and Na2CO3 on Suaeda 
salsa. Chin J Plant Physiol Mol Biol 29: 387-394. 
Qu YG, Zhao KF (2004) Comparative studies on growth and physiological reaction of Zea 
mays under NaCl and Na2CO3 stress. Chin Acta Agron Sin 30: 334-341. 
Quesada V, García-Martínez S, Piqueras P, Ponce MR, Micol JL (2002) Genetic architecture 
of NaCl tolerance in Arabidopsis. Plant Physiol 130: 951-963. 
Rana U, Rai VK (1996) Modulation of calcium uptake by exogenous amino acids in 
Phaseolus vulgaris seedlings. Acta Physiol 18: 117-120. 
Rao PS, Mishra B, Gupta SR, Rathore A (2008) Reproductive stage tolerance to salinity and 
alkalinity stresses in rice genotypes. Plant Breeding 127: 256-261. 
Rathert G (1985) The inﬂuence of high salt stress on starch, sucrose, and degradative 
enzymes of two Glycine max varieties that differ in salt tolerance. J Plant Nutr 8: 199-
209. 
Raza SH, Athar HR, Ashraf M (2006) Influence of exogenously applied glycinebetaine on 
the photosynthetic capacity of two differently adapted wheat cultivars under salt 
stress. Pak J Bot 38: 341-351. 
Razmjoo K, Heydarizadeh P Sabzalian MR (2008) Effect of salinity and drought stresses on 
growth parameters and essential oil content of Matricaria chamomile. Int J Agric Biol 
10: 451-454. 
Rengasamy P (2002) Transient salinity and subsoil constraints to dryland farming in 
Australian sodic soils: an overview. Aust J Exp Agric 42: 351-361.  
Rengasaamy P (2006) World salinization with emphasis on Australia. J Exp Bot 57: 1017-
1023. 
 118 
Rhodes D, Hanson AD (1993) Quaternary ammonium and tertiary sulfonium compounds in 
higher-plants. Annu. Rev. Plant Physiol Plant Mol Biol 44: 357-384. 
Richardson AE (1994) Soil microorganisms and phosphorus availability. In: Pankhurst CE, 
Doube BM, Gupta VVSR, Grace PR (ed) Soil biota management in sustainable 
farming system. CSIRO, Australia, pp. 50–62. 
Rodriguez HG, Roberts JKM, Jordan WR, Drew MC (1997) Growth, water relations, and 
accumulation of organic and inorganic solutes in roots of maize seedlings during salt 
stress. Plant Physiol 113: 881-893. 
Roshevits RY (1980) Grasses: An introduction to the study of fodder and cereal grasses. 
Indian National Scientific Doc Center, New Delhi. 
Saneoka H, Nagasaka C, Hahn DT, Yang W, Premachandra GS, Joly RJ, Rhodes D (1995) 
Salt tolerance of glycinebetaine-deficient and -containing maize lines. Plant Physiol 
107: 631-638. 
Saneoka H, Shiota K, Kurban H, Chaudhary MI, Premachandra GS, Fujita K (1999) Effect of 
salinity on growth and solute accumulation in two wheat lines differing salt tolerance. 
Soil Sci Plant Nutr 45: 873-880.  
Santarius KA (1992) Freezing of isolated thylakoid membranes in complex media. VIII. 
Differential cryoprotection by sucrose, proline and glycerol. Physiol Plant 84: 87-93. 
Saqib M, Akhtar J Qureshi RH (2004) Pot study on wheat growth in saline and waterlogged 
compacted soil: I grain yield and yield components. Soil Till Res 77: 169-177. 
Serrano R, Mulet JM, Rios G, Marquez JA, Larrinoa IF, Leube MP, Mendizabal I, Pascual-
Ahuir A, Proft M, Ros R, Montesinos C (1999) A glimpse of the mechanisms of ion 
homeostasis during salt stress. J Exp Bot 50: 1023-1036. 
Serrano R, Rodriguez-Navarro A (2001) Ion homeostasis during salt stress in plants. Curr 
Opin Cell Biol 13: 399-404. 
 119 
Sharma PC, Mishra B, Singh RK, Singh YP, Tyagi NK (2001) Adaptability of onion (Allium 
cepa) genotypes to alkali and salinity stresses. Indian J Agric Sci 70: 674-678. 
Sheteawi SA (2007) Improving growth and yield of salt-stressed soybean by exogenous 
application of jasmonic acid and Ascobin. Int J Agric Biol 9: 473-478. 
Sheng YM, Shi DC, Xiao HX, Xu Y (1999) Effect of mixed salts with various neutral and 
alkaline on the growth of sunflower. J Chin Northeast Norm Univ 4: 65-69. 
Shi DC, Sheng Y (2005) Effect of various salt–alkaline mixed stress conditions on sunflower 
seedlings and analysis of their stress factors. Environ Exp Bot 54: 8-21. 
Shi DC, Yin LJ (1993) Difference between salt (NaCl) and alkaline (Na2CO3) stresses on 
Puccinellia tenuiflora (Griseb.). Acta Bot Sin 35: 144-149. 
Shi DC, Yin SJ, Yang GH, Zhao KF (2002) Citric acid accumulation in an alkali-tolerant 
plant Puccinellia tenuiflora under alkaline stress. Acta Bot Sin 44: 537-540. 
Shlizerman L, Marsh K, Blumwald E, Sadka A (2007) Iron-shortageinduced increase in citric 
acid content and reduction of cytosolic aconitase activity in Citrus fruit vesicles and 
calli. Physiol Plant 131: 72-79. 
Stevens J, Senaratna T, Sivasithamparam K (2006) Salicylic acid induces salinity tolerance in 
tomato (Lycopersicon esculentum cv. Roma): associated changes in gas exchange, 
water relations and membrane stabilisation. Plant Growth Regul 49: 77-83. 
Suhayda CG, Giannini JL, Briskin DP, Shannon MC (1990) Electrostatic changes in 
Lycopersicon esculentum root plasma membrane resulting from salt stress. Plant 
Physiol 93: 471-478. 
Sun YL, Hong S K (2010a) Effects of citric acid as an important component of the responses 
to saline and alkaline stress in the halophyte Leymus chinensis (Trin.). Plant Growth 
Regul 61: 1-9. 
 120 
Sun YL, Hong S K (2010b) Exogenous proline mitigates the detrimental effects of saline and 
alkaline stresses in Leymus chinensis (Trin.). J Plant Biotechnol 37: 529-538.  
Surjus A, Durand M (1996) Lipid changes in soybean root membranes in response to salt 
treatment. J Exp Bot 47: 17-23. 
Szabolcs I (1994) Soils and Salinization. In: M. Pessarakli (ed), Handbook of plant and crop 
stress. Maroel Decker, New York, pp: 3-11. 
Taiz L, Zeiger E (2002) Plant Physiology. 3rd ed. Sinauer Associates, Inc., Publishers, 
Sunderland, Massachusetts. p. 746.  
Tal M, Katz A, Heiken H, Dehan K (1979) Salt tolerance in the wild relatives of the 
cultivated tomato: proline accumulation in Lycopersicon esculentum Mill., L. 
peruvianum Mill. and Solanum pennellii Cor. treated with NaCl and polyethylene 
glycol. New Phytol 82: 349-360. 
Tammam AA, Alhamd MFA, Hemeda MM (2008) Study of salt tolerance in wheat (Triticum 
aestivum L.) cultivar Banysoif 1. Aust J Crop Sci 1: 115-125. 
Tang ZC (1989) The accumulation of free proline and its role in water-stressed sorghum 
seedling. Acta Phytophysiol Sin 15: 105-110.  
Tanji KK (1990) Nature and extent of agricultural salinity. In: Tanji KK (ed) Agricultural 
Salinity Assessment and Management. American Society of Civil Engineers, New 
York, pp. 1-18. 
Tester M, Davenport R (2003) Na+ tolerance and Na+ transport in higher plants. Ann Bot 
(Lond) 91: 503-527. 
Timpa JD, Burke JJ, Quisenberry JE, Wendt CW (1986) Effects of water stress on the 
organic acid and carbohydrate compositions of cotton plants. Plant Physiol 82:724-
728. 
 121 
Tipirdamaz R, Karakullukcu S (1993) Effects of proline and glycine betaine on growth and 
some internal solute changes of cultured tomato embryos under saline conditions. 
Turk J Biol 17: 57-64. 
Tuna AL, Kaya C, Dikilitas M, Yokas I, Burun B, Altunlu H (2007) Comparative effects of 
various salicylic acid derivatives on key growth parameters and some enzyme 
activities in salinity stressed maize (Zea mays L.) plants. Pak J Bot 39: 787-798. 
USDA (1954) Diagnosis and improvement of saline and alkali soils. US Department of 
Agriculture, Agricultural Handbook No. 60. Washington: US Government Printer. 
Vinocur B, Altman A (2005) Recent advances in engineering plant tolerance to abiotic stress: 
Achievements and limitations. Curr Opin Biotech 16: 123-132. 
Wang H, Wu Z, Chen Y, Yang C, Shi D (2011) Effects of salt and alkali stresses on growth 
and ion balance in rice (Oryza sativa L.) Plant Soil Environ 57: 286-294. 
Watt M, Evans JR (1999) Linking development and determinacy with organic acid efflux 
from proteoid roots of white lupin growth with low phosphorus and ambient or 
elevated atmospheric CO2 concentration. Plant Physiol 120: 705-716. 
Wenxue W, Bilsborrow PE, Hooley P, Fincham DA, Lombi E, Forster BP (2003) Salinity 
induced differences in growth, ion distribution and partitioning in barley between the 
cultivar Maythorpe and its derived mutant Golden Promise. Plant Soil 250: 183-191. 
Yan H, Gong LZ, Zhao CY, Guo, WY (2000) Effects of exogenous proline on the physiology 
of soybean plantlets regenerated from embryos in vitro and on the ultrastructure of 
their mitochondria under NaCl stress. Soybean Sci 19: 314-319. 
Yancey PH (1994) Compatible and counteracting solutes. In: Strange K (ed), Cellular and 
Molecular Physiology of Cell Volume Regulation. CRC Press, Boca Raton FL pp. 81-
109. 
 122 
Yancey PH, Clark MB, Hands SC, Bowlus RD, Somero GN (1982) Living with water stress: 
evaluation of osmolyte systems. Science 217: 1214-1222.  
Yang C, Chong J, Kim C, Li C, Shi D, Wang D (2007) Osmotic adjustment and ion balance 
            traits of an alkali resistant halophyte Kochia sieversiana during adaptation to salt and 
alkali conditions. Plant Soil 294: 263-276.  
Yang C, Jianaer A, Li C, Shi C, Wang D (2008a) Comparison of the effects of salt-stress and 
alkali-stress on the photosynthetic production and energy storage of an alkali-resistant 
halophyte Chloris virgata. Photosynthetica 46: 273-278. 
Yang C, Shi D, Wang D (2008b) Comparative effects of salt stress and alkali stress on 
growth, osmotic adjustment and ionic balance of an alkali resistant halophyte Suaeda 
glauca (Bge). Plant Growth Regul 56: 179-190.  
Yang C, Wang P, Li C, Shi D, Wang D (2008c) Comparison of effects of salt and alkali 
stresses on the growth and photosynthesis of wheat. Photosynthetica 46:107-114.  
Yang C, Zhang ML, Liu J, Shi DC, Wang DL (2009a) Effects of buffer capacity on growth, 
photosynthesis, and solute accumulation of a glycophyte (wheat) and a halophyte 
(Chloris virgata). Photosynthetica 47: 55-60.  
Yang C, Xu H, Wang L, Liu J, Shi D, Wang D (2009b) Comparative effects of salt-stress and 
alkali-stress on the growth, photosynthesis, solute accumulation, and ion balance of 
barley plants. Photosynthetica 47: 79-86. 
Yang X, Lu C (2005) Photosynthesis is improved by exogenous glycinebetaine in salt 
stressed maize plants. Physiol Plant 124: 343-352. 
Yemm EW, Willis AJ (1954) The estimation of carbohydrates in plant extracts by anthrone. 
Biochem 57: 508-514.  
Yildirim B, Yaser F, Ozpay T, Ozpay DT, Turkozu D, Terziodlu O, Tamkoc A (2008) 
 123 
            Variations in response to salt stress among field pea genotypes (Pisum sativum sp. 
arvense L.). J Anim Veter Adv 7: 907-910.  
Younis ME, Hasaneen MNA, Tourky SMN (2009) Plant growth, metabolism and adaptation 
            in relation to stress conditions. XXIV. Salinity-biofertility interactive effects on 
proline, glycine and various antioxidants in Lactuca sativa. Plant Omics J 2: 197-205. 
Yousif BS, Nguyen NT, Fukuda Y, Hakata H, Okamoto Y, Masaoka Y, Saneoka H (2010) 
Effect of salinity on growth, mineral composition, photosynthesis and water relations 
of two vegetable crops; New Zealand spinach (Tetragonia tetragonioides) and water 
spinach (Ipomoea aquatica). Int J Agric Biol 12: 211-216. 
Zeng FR, Mao Y, Cheng WD, Wu FB, Zhang GP (2008) Genotypic and environmental 
variation in chromium, cadmium and lead concentrations in rice. Environ Pollut 153: 
309-314. 
Zhang JT, Mu CS (2009) Effects of saline and alkaline stresses on the germination, growth, 
photosynthesis, ionic balance and anti-oxidant system in an alkali-tolerant 
leguminous forage Lathyrus quinquenervius. Soil Sci Plant Nutr 55: 685-697. 
Zheng HY, Li JD (1999) Form and dynamic trait of halophyte community. In: Zheng HY, Li 
JD (ed) Saline plants in songnen plain and restoration of alkaline-saline grass. Science 
Press, Beijing, China. pp. 137-138. 
Zhu GL (1993) Carotenoid and chlorophyll determination. In: Zhu GL (ed.) Laboratory 
Manual of Plant Physiology. Beijing University Press, Beijing pp. 51-54.  
Zhu JK (2003) Regulation of ion homeostasis under salt stress. Curr Opin Plant Biol 6: 441-
445.  
Zhu Z, Wei G, Li J, Qian Q, Yu J (2004) Silicon alleviates salt stress and increases 
antioxidant enzymes activity in leaves of salt-stressed cucumber (Cucumis sativus L.). 
Plant Sci 167: 527-533.  
 124 
ACKNOWLEDGEMENTS  
 
 
 
I wish to express my deepest sense of gratefulness to the Almighty and Merciful Allah 
Who has out of infinite Mercy enabled me to complete this research work. I owe my deepest 
gratitude to my supervisor Professor Dr. Hirofumi Saneoka for his continuous support, undaunted 
inspiration valuable instruction scholastic and over all supervision through the study and genius 
help for the preparation of this manuscript. I especially appreciate his good deed. 
 
I find a great pleasure in expressing my sincere and immense indebtedness to respected 
Professor Dr. Yoshikuni Masaoka, Professor Dr. Kenji Kouno and Dr. Akihiro Ueda, Associate 
Professor, for their valuable and fruitful suggestions, comments in reviewing of this thesis.  
 
I extend my thanks and appreciation to Professor Dr. Lawrence M. Liao and Nguyen 
Tran Nguyen for revising the manuscripts. I am grateful to Bangladesh Agricultural Research 
Institute (BARI) for providing seeds. Thanks also extended to the colleagues of the laboratory of 
‘Plant Nutritional Physiology’ for creating the suitable environment and for the help and support 
in different ways. Special thanks to Dr. Shubash, T. Sujuki, Sasaki, Okamoto, Hakata, Basim, 
Ayman, Dekuom, Liu, Cahyo, Fukuda, Bijoya and K Haruna san for their kind cooperation. 
 
I am greatly indebted to my parents Mr. Ahad Ali Pramanik and Mrs. Alepful Begum, 
wife-Masuma, and daughter-Sohana for their on-line love and never lasting encouragement and 
cooperation of this academic pursuit from the beginning to completion. Thanks to my relatives, 
friends and colleagues in Bangladesh for their on-line inspiration. I am also indebted to my 
friends in Hiroshima University for their continuous support during my course of study. Special 
thanks to Hiroshima University for providing the place and environment for carrying out this 
research. I would like to thank Hajee Mohammad Danesh Science and Technology University, 
Bangladesh for allowing me to carry out this study by granting study leave. 
 
Finally, it is an honor to thank the JASSO for providing the scholarship. 
